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planten. 
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uracil en thymine. 
T.R. Cech, 1987. The chemistry of self-splicing RNA and RNA enzymes. 
Science 237 1532-1539. 
8. De resultaten van Struik et al. zijn niet in overeenstemming met de 
door hen gepostuleerde aanwezigheid in bladeren van aardappelplanten 
van een extracellulaire factor die een positieve invloed heeft op de 
knolvorming iß vitro. 
P.C. Struik, E.3. Boon, and D. Vreugdenhil, 1987. Effects of extracel-
lular extracts on the tuberization of cuttings of potato (Solanum 
tuberosum L.). Plant Physiol. 84, 214-217. 
9. Economische belangen mogen geen rol spelen bij het vaststellen van de 
correcte wetenschappelijke naam van een plantensoort. 
D.O. Wijnands, J.J. Bos, H.3.W. Wijsman, E. Schneider, CD. Brickell, 
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10. De door plantenfysiologen meest gebruikte betrekkingseenheid is tevens 
de minst bruikbare. 
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Errata 
pag. 35, laatste 4 regels: 
for the reaction with H2O2 and guaiacol were 2.6 x 10 and 1.9 x 10 M . 
s , respectively. The reaction with guaiacol was inhibited by various 
aromatic cmpounds, notably by dihydroxylated phenolic derivatives in the 
ortho and para configurations, and by trihydroxy compounds. Cinnamic acid 
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Fig. 5. Localization of peroxidase activity on dip-blots from leaf and stem. 
D i p - b l o t s from (A) a main stem and (B) a f u l l y expanded lea f were s ta ined 
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Peroxidases are probably the most extensively studied enzymes in 
higher plants. The reason for this is their ubiquitous occurrence, together 
with their ease of detection and assay. The literature on plant peroxidases 
has been reviewed up to 1980 (Gaspar et al. 1982). In September 1985, an 
international symposium on plant peroxidases was held in Geneva. The con-
tributions presented at this conference reflect the multiple aspects of 
plant peroxidase research. For a general review, the reader is referred to 
these proceedings (Greppin et^  al. 1986). 
Enzymatic function 
Knowledge on the catalytic properties of plant peroxidases is derived 
mainly from studies with horseradish peroxidases (Dunford and Stillman 
1976, Gaspar et_ a^. 1982, Yamazaki and Nakajima 1986). Peroxidases 
(dono^HoOo oxidoreductase; EC 1.11.1.7) are heme-containing glycoproteins 
catalyzing the oxidation of various substrates at the expense of hydrogen 
peroxide. The heme group (protohaematin IX) is part of the active site of 
the enzyme and is responsible for the red-brown colour of peroxidase in its 
resting state. 
Because of the complex reaction involving the two substrates, hydrogen 
peroxide and hydrogen donor, peroxidases do not obey simple Michaelis-
Menten kinetics. Although hydrogen peroxide is the most common oxidant for 
peroxidase, other oxidants (e.g. hydroperoxides and peracids) can be used. 
Many different types of molecules can act as the second substrate, the 
electron or hydrogen donor. The most 'physiological' substrates, however, 
appear to be aromatic alcohols and amines, as well as indoleacetic acid 
(IAA). The latter can be oxidized without the addition of hydrogen peroxide 
(Grambow 1986, Yamazaki and Nakajima 1986). 
It is generally accepted that plant peroxidases function in growth, 
differentiation and defense (Gaspar et al. 1982, Greppin et_ al. 1986). The 
molecular mechanisms by which peroxidases have been proposed to fulfill 
these functions are polymerization of lignin and suberin, cross-linking of 
pectins and/or extensins by the formation of o-diphenyl bridges, hydrogen 
peroxide formation and IAA-oxidation. These functions point to multiple 
roles of peroxidases in plants, even though some of the molecular mecha-
nisms that underlie these functions are very similar. 
Isoenzymes 
Studies on the function of plant peroxidases are complicated by the 
occurrence of multiple isoenzymes. For any plant species investigated 
several peroxidase isoenzymes have been detected on zymograms, i.e. gels 
stained for peroxidase activity. In fact, the bulk of the literature on 
plant peroxidases (reviewed in Gaspar et_ al. 1982) deals either with their 
detection, describing differences in number, staining characteristics, 
extraction conditions, cellular localization and organ or tissue specifi-
city of different isoenzymes, or with the correlation between the occurren-
ce of specific isoenzymes and particular physiological processes. Notably, 
the guestion arose whether each peroxidase isoenzyme has a particular func-
tion, or not. Some peroxidase isoenzymes are organ-specific and/or related 
to specific developmental stages. Isoenzymes differ in cellular localiza-
tions, and are found mainly associated with the cell wall and the vacuole. 
However, in order to understand this complexity and to distinguish primary 
gene products (isoenzymes) from post-transcriptionally modified ones (con-
formers, mozymes), a genetic approach is reguired, enabling the isolation 
of gene products and the determination of the amino acid seguences (cf. 
Wijsman and Hendriks 1986). 
Genetic studies of peroxidase isoenzymes have been conducted on a 
number of plant species (e.g. tomato: Rick 1983; petunia: Hendriks et al. 
1985; potato: Quiros and McHale 1985, Oliver and Martinez-Zapater 1985; 
rice: Endo and Morishma 1983; rye: Garcia e_t al. 1982; maize: Brewbaker et 
al. 1985). All species investigated have been found to contain several 
peroxidase genes. The majority of these genes are structural ones, having 
codominant alleles coding for monomeric allozymes with different electro-
phoretic mobilities. For some genes only two alleles were detected, a 
dominant one associated with the presence of the peroxidase, and a reces-
sive one acting as a null-allele (cf. Wijsman and Hendriks 1986). These 
genes are probably regulatory. The concerted variation in electrophoretic 
mobility of groups of bands associated with a single gene indicated that 
several bands in peroxidase zymograms must originate from modifications of 
a primary gene product (Rick 1983, Wijsman and Hendriks 1986). In most 
instances the nature of the modifications is unknown , but they are most 
likely to occur posttranslationally. In tomato (Rick et al. 1979) and flax 
(Tyson e_t al. 1978) genes have been found that are responsible for the 
modification of one, or all, peroxidase isoenzymes, respectively. In flax 
it was shown that the modification involved the carbohydrate moiety of the 
enzymes (Gaudreault and Tyson 1986, 1988). Modifications of peroxidases may 
also result from interaction with phenolics, as reported for a peroxidase 
in peanut cell suspension cultures (Srivastava and Van Huystee 1977) and in 
lupin (Barceloet al. 1987). 
In several plant species (e.g. tomato, potato, tobacco, maize, wheat, 
barley) both the genetics and the physiology of peroxidase isoenzymes have 
been studied, but it has been difficult to arrive at general conclusions. 
The studies are usually performed by different investigators using diffe-
rent detection (gel electrophoresis) methods, which makes comparison diffi-
cult. In most physiological studies peroxidase bands on zymograms are 
either numbered or grouped on the basis of their mobility as fast- , mode-
rate- and slow-moving acidic (anodal, anodic, anionic) or basic (cathodal, 
cathodic, cationic) peroxidases. In search for variation, physiologists 
generally use only one cultivar of a species grown under different experi-
mental conditions, whereas for genetic purposes as many cultivars as possi-
ble from one species are grown under similar conditions. Mutants homozygous 
for the null-allele of a particular peroxidase gene are particularly inte-
resting for studying the function of this peroxidase. However, so far 
morphological changes related to the absence of a particular peroxidase 
isoenzyme have not been reported. Changes in the activity of some peroxi-
dase isoenzymes have been genetically linked to dwarfism (Schertz et^  al. 
1971) and a change in leaf morphology (Soressi et al. 1974, Palmieri e_t 
al. 1978). Unfortunately, however, the function of the peroxidases invol-
ved has not been thoroughly investigated. The importance of genetic studies 
is probably best illustrated by referring to the presumed role of peroxi-
dase isoenzymes in self-incompatibility in tobacco (reviewed by Bredemeijer 
1984). Pandey (1967) reported different peroxidase zymograms from leaves of 
tobacco cultivars having different alleles of the S(self-lncompatibility) 
gene, suggesting that the S gene was a peroxidase gene. Later it was found 
that the S gene does not code for a peroxidase but that two peroxidase 
genes were linked to the S gene (Labroche et al. 1983). 
Structure 
Studies on purified peroxidase isoenzymes are limited to a small 
number of plant species (e.g. radish, horseradish, turnip, tobacco, potato, 
wheat). Although peroxidases are easy to detect and to determine, they are 
not easy to purify from crude tissue extracts. Only after selective protein 
precipitation and repeated rounds of gel filtration and ion-exchange chro-
matography, chromatofocusing, or gel electrophoresis, pure peroxidase iso-
enzymes were obtained (e.g. Shannon et al. 1966, Mazza et al. 1968, Delin-
cee and Radola 1975, Saeki £t al. 1986). The use of extracellular extracts 
obtained by vacuum infiltration of plant tissues (Rathmell and Segueira 
1974, Van den Berg and Van Huystee 1984) or of the medium of cell suspen-
sion cultures (Maldonado and Van Huystee 1980, Chibbar and Van Huystee 
1984, Yamada et^  al. 1987) facilitates purification of extracellularly 
localized peroxidases through their selective enrichment. Peroxidase-purity 
is indicated by the 'Reinheits Zahl' (RZ), the ratio between the absorbance 
of the heme group at A 4 0 5 n m (or A 4 2 Q n m) and the protein at A 2 8 0 n m. 
Although the molar absorbance of the protein depends on the number of 
aromatic amino acid residues, most pure peroxidases have a RZ larger than 
3. In general, plant peroxidases have molecular weights of about 40 kD made 
up by about 300 amino acids, a heme group and 1-25 % sugars (Welinder 1979, 
Mazza and Welinder 1980b, Aibara et al. 1981, 1982, Espelie and Kolattukudy 
1985, Saeki et al. 1986). The isoelectric points range from pi 3 up to 10 
or even higher, which can be explained by variation in amino acid composi-
tion. 
The complete amino acid seguences of four plant peroxidases are now 
known (Fig. 1). They were determined by either direct seguencing of the 
protein (horseradish peroxidase C: Welinder 1979; turnip peroxidase P7: 
Mazza and Welinder 1980a,b) or deduced from the nucleotide seguences of 
cDNA clones (tobacco peroxidase: Lagrimini et a l . 1987; potato peroxidase: 
Roberts et aJ .^ 1988). A l l four peroxidases are about 35-50 % homologous. 
The homology is par t i cu la r ly high (+90&) around the two h is t id ine residues 
invo lved i n the b ind ing of the heme group (F ig . 1). The same was shown to 
be the case for other peroxidase isoenzymes in turnip (Welinder and Mazza 
1977), as wel l as in cucumber (Abeles et a l . 1988). 
a QLSATFYDTTCPNVTSIVR-GVMDQRQRTDARA 
b TP QAC— F A - VNSAIDAET M 
c TP NS * SN -DTIVNEL S P I 
d TTN S S LL T KS KSAVS-SQP M 
GAKIIRLHFHDCFVNGCDGSILLD 
SL D G 
A S L A 
S L F 
—TDGTQTEKDAP—ANVGAGGFDIV-DDIKTA 
DINGTFTG QNS PN S- R YE- IAQALQS 
-1i STFR FGN S- R YP- I RM A 
D-*TSFTG QN GPNR S- R T- IN S 
a LENVCPG-VVSCADILALASEIGVVLAKGPSWQVLFGRKDSLTANRSGANSDIPSPFETLAVMIPQFTNKG-MDLT 
b VIDT NIS I ARDS AKLG QTYN AL S AR *FT LT A DN* T Q QK ND fi-FT R 
c V SA R-T L TI AQQS T G R PL R Q FLDL ANL A F PQLKDS R V LNRSS 
d V KA - I ARDS QLG N NKV R AK SQAA N A SMS SQL SS SAV LSTR-
DLVALSGAHTFG 




b S YCTSGNV AQ ficSATLTDSDLQQ T- TM -KV YD NN IMFS V T D - T G 
c Q R- IMD Y* SNT L LN Y R L PLN- LS LVDF LR TI K YV EEQK I S SPNATD PL 
d VN -RA VY ETN IN A A- RQRS PRAA SGD NLAP NSATS S K MAqR HS V -NG TDS — 
a -VNRYAGSQTQFFDDFVSSMIKLGNISPLTGTNGQIRTDCKRVN 
b F TD SNDVSV LG AAA M DLP SA AQ E DV S *PTSVASM 
c -RSF N TQT NA EA DRM * T Q LN RV SNS 
d - RG SN PSS NS AAA M D SS E KV GKT 
Fig. 1. Alignment of the amino acid sequences of peroxidases from tobacco, 
potato, horseradish and turnip. The amino acid sequences are in the single 
letter notation and were obtained from (a) tobacco (Lagrimini et eu. 1987), 
(b) potato (Roberts £t a^. 1988), (c) horseradish (Welinder 1979) and (d) 
turnip (Mazza and Welinder 1980). Only the amino acids that are different 
from tobacco are indicated. The boxes indicate the amino acid sequences 
around the two histidine residues involved in heme binding. Asterisks 
indicate the asparagine residues possibly involved in carbohydrate chain 
attachment. 
Several purified peroxidases were obtained crystalline (radish peroxi-
dase c, Morita et al. 1961; horseradish peroxidases, Shannon et al. 1966, 
Aibara et al. 1981; barley peroxidase P7, Saeki et^  al. 1986), but up to now 
a crystallographic model of either of these peroxidases has not been repor-
ted. For this reason, a detailed picture of the reaction mechanism is still 
lacking. A structural model, deduced from the distant homology between 
horseradish and turnip peroxidases and yeast cytochrome c_ peroxidase, 
indicated the conservation of the structure around the heme-binding pocket 
between two protein domains (Welinder 1985). This model at least may pro-
vide some clues in the fitting of substrate molecules into the active site 
(Welinder and NeSrskov-Lauritsen 1986, Sakurada et_ al. 1986). 
Carbohydrate chains in peroxidases are N-glycosidically linked to 
asparagin present in the consensus amino acid sequence Asn-X-Thr/Ser (Fig. 
1). The nature of sugars present in some peroxidases has been investigated 
by lectin affinity chromatography (Darbyshire 1973, Van Huystee 1976, Van 
Huystee and Maldonado 1982, Nessel and Mäder 1977, Van den Berg and Van 
Huystee 1984, Hendriks et_ al. 1985). Most of them showed affinity for Con-
canavalin A (Con A)-Sepharose, indicating that they contain -linked 
mannose (Baenziger and Fiete 1979, Montreuil et al. 1986). Studies on the 
sugar composition of horseradish peroxidase C gave different results, 
depending on the investigators and the enzyme preparations (Phelps et_ al. 
1971, Clarke and Shannon 1976, Welinder 1979). Horseradish peroxidase 
contains 8 carbohydrate chains (Welinder 1979) and it was reported recently 
that most of them are small, complex-type N-glycosyl chains similar to 
those found in other plant glycoproteins (McManus et_ al. 1988). 
Studies on pure or partly purified peroxidases indicated that acidic 
and basic isoenzymes may have different substrate specificities (Gaspar et 
al. 1982). Based on these studies it is now generally thought that the 
acidic peroxidases are involved in the polymerization of lignin and suberin 
and/or the cross-linking of other polymers in the cell wall, whereas the 
basic peroxidases function as IAA-oxidases (Gaspar et al. 1982, Gaspar 
1986). In addition, these two types of peroxidases seem to differ in their 
capacity to generate hydrogen peroxide from NAD(P)H in the presence of 
phenolics (Mäder et al. 1980) 
Immunological investigations showed that peroxidase isoenzymes from 
the same or different plant species may share antigenic determinants (Bar-
kardjieva and Georgiev 1977, Conroy et al. 1982, Clark and Conroy 1984, 
Conroy 1986, Bernard in i at aK 1986, Cairns at aj^ 1980, Van Huystee and 
Maldonado 1982, Chibbar at a l . 1984, Gaudrault at £ l . 1986, Lag r im in i et_ 
a l . 1987). This seems to be i n accordance w i t h the s i m i l a r i t i e s found in 
amino acid sequences (F ig . 1), even though some of these c ross - reac t ions 
may be due to the presence of common antigenic sugar chains (McManus et a l . 
1988). 
Regulation 
Many repor ts descr ibed changes i n peroxidase a c t i v i t y dur ing p lan t 
development, d i f f e r e n t i a t i o n , as a reac t ion to s t ress and under the i n -
f luence of l i g h t and hormones (Gaspar et a l . 1982, Penel at^ a l . 1984, 
Greppin et a l . 1986). However, l i t t l e i s known about the r egu la t i on of 
enzyme a c t i v i t y or synthes is and degradat ion (Van Huystee 1987). Since 
peroxidases are known to be very stable _in v i t r o , l i t t l e at tent ion has been 
given to the rate of peroxidase turnover _in vivo. Studies on the regulat ion 
of peroxidase biosynthesis using inh ib i to rs of t ranscr ip t ion and t rans la-
t ion yielded contradictory resul ts (Gaspar at_ a l . 1982). The importance of 
glycosylat ion and calcium for peroxidase b iosynthes is and sec re t ion have 
been i nves t i ga ted (St icher at a l . 1981, Ravi et_a_l. 1986, Hu et a l . 1987, 
Mader and Walter 1986), indicat ing that besides t ranscr ip t ion and t rans la-
t i on , glycosylat ion and secretion can be r a t e - l im i t i ng steps in biosynthe-
s is . Calcium is l inked to at least some peroxidase isoenzymes (Haschke and 
Friedhoff 1979, Ogawa et a l . 1979, Aibara et a l . 1981,1982, Hu et a l . 1987) 
and may influence the i r ac t i v i t y (Haschke and Friedhoff 1979, Shiro et a l . 
1986, but see Hu at a l . 1987). A f u r t h e r important step i n peroxidase 
b iosynthes is i s the i nco rpo ra t i on of heme. According to Van Huystee and 
Cairns (1980), i n cu l tu red peanut c e l l s i t i s the i nco rpo ra t i on of heme 
rather than the biosynthesis of the heme in mitochondria (Chibbar and Van 
Huystee 1986) that i s rate l i m i t i n g . In roots of bean (Phaseolus vulgaris) 
cu l t u red under i r on ( F e ^ + ) - l i m i t e d cond i t i ons , one peroxidase band de-
creased in a c t i v i t y , whereas other peroxidase bands and cytochromes were 
not affected (Sijmons at a l . 1985). I t has not been elucidated whether the 
lack of i r o n in f luenced t h i s p a r t i c u l a r peroxidase through an e f f e c t on 
apoprotein b iosynthes is (Van Huystee and Cairns 1980) or i t s decrease 
r e f l e c t e d a reduced a f f i n i t y f o r heme compared to other heme-containing 
proteins. Interestingly, the decrease in activity of this particular per-
oxidase was correlated with a decreased suberization of the roots (Sijmons 
£t_ aK 1985, Sijmons 1986). 
Peroxidase cDNA clones have been selected for acidic peroxidase isoen-
zymes in tobacco (Lagrimini e_t al^ . 1987) and potato (Roberts et_ £l. 1988). 
The tobacco peroxidase is supposedly involved in lignin formation, whereas 
the potato peroxidase is considered to function in the polymerization of 
suberin. In both cases oligonucleotide probes, synthesized on the basis of 
the determined amino acid seguence of a part of the protein, were used to 
screen cDNA libraries constructed from poly(A)+-RNA. Preliminary results 
indicate that the peroxidase mRNA in tobacco is relatively abundant in stem 
tissue and that wounding does not alter the mRNA level (Lagrimini et al. 
1987). On the contrary, peroxidase mRNA increased upon wounding of potato 
tuber and tomato fruit and the peroxidase was induced (Roberts et al. 
1988). The low abundance of the mRNA (about 0.01% of the poly(A)+-RNA) for 
the major acidic tobacco peroxidase in leaf tissue (Lagrimini et_ al. 1987) 
seems especially low when compared to the 0.25o incorporation of radioactive 
methionine into the major basic peroxidase in peanut leaf tissue (Chibbar 
and Van Huystee 1983). 
Petunia peroxidase isoenzymes 
In petunia (Stimoryne x^  hybrida (Hook.) Wijsman, and its putative 
ancestors S^ axillaris and S^ integrifolia (cf. Wijsman and De Jong 1985), 
formerly Petunia x hybrida (Hook.) Vilm. and P. axillaris (Lam.) B.S.P. and 
P. integrifolia (Hook.) Schinz and Thellung, respectively the genetics of 
the peroxidase isoenzyme system has been the subject of extensive investi-
gation. Using the starch gel zymogram technigue, Van den Berg and Wijsman 
(1981) demonstrated that the various organs of the petunia plant contained 
a considerable number of peroxidase bands varying in electrophoretic mobi-
lity according to the genotype. The pattern obtained did not only depend on 
the organ sampled, but also on its developmental stage and on the age of 
the plant. Genetic analysis of the progenies of crosses between various 
inbred lines revealed the presence of nine structural genes. Seven structu-
ral genes and a gene responsible for the presence or absence of a flower 
specific peroxidase were localized on the chromosomes I, II, III, IV and 
VI I (Table 1 ; see also F ig . 3 i n Chapter I I (Hendriks £ t a l . 1985b)). When 
homozygous the nine genes give r ise to up to 17 enzymatically active main 
bands upon electrophoresis, indicat ing that at least some of the isoenzymes 
must be subject to p o s t t r a n s c r i p t i o n a l m o d i f i c a t i o n (Van den Berg and 
Wijsman 1981, 1982a, 1982b, Van den Berg e t ^ a l . 1982, 1983a, 1984b). D i f -
ferences in the i r a f f i n i t y for Con A-Sepharose suggest that posttranscr ip-
t i o n a l mod i f i ca t i ons of PRXa and PRXc are caused by d i f fe rences i n the 
glycosylat ion patterns (Van den Berg and Van Huystee 1984, Hendriks et a l . 
1985a). 
Table 1. Summary of the expression and genetic data for peroxidase genes 
in petunia. The sources of the data are presented in the text (see also 
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a) Major bands only. 
b) i = leaf, S = stem, F = flower, R = root. 
c) (n) means incuding a null allele. 
d) only in anthers of small flower buds (see text). 
Regulatory locus Chromosome Activity 
Rpl 
Rp2 
VII Regulates the temporal expression of prxB2 
III Regulates the temporal expression of prxA6 
Recently, Nave and Sawhney (1986) drew attention to the presence of a 
specific group of peroxidase bands in young anthers. The same group is 
probably present in young flower buds, as shown by Van den Berg and Wijsman 
(1981), but was considered by these authors to represent an active precur-
sor of PRXa (Van den Berg et al. 1983a). In view of its disappearance when 
flower buds develop into flowers (Fig. 2), this band appears to be the 
(compressed) group of bands shown by Nave and Sawhney (1986). Therefore, 
this group seems not to be related to any of the previously characterized 





r I r I t I r 
f 
i m ü» 









1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Fig. 2. Changes in peroxidase zymographic patterns during petunia flower 
development. Starch gel stained for peroxidase activity with 3-amino-9-
ethylcarbazole and hydrogen peroxide (cf Van den Berg and Wijsman 1981). 
From Stimoryne axillaris flower buds (lanes 1-6: 2-3 mm, 5-6 mm, 10-11 mm, 
17 mm, 25 mm and 33 mm long, respectively), and limbs (1) and tubes (t) of 
open flowers (lanes 7-14) at successive stages of development were used. 
The main peroxidase bands are indicated; PRXc2.0 is the supposed PRXc2 
precursor (Van den Berg et al. 1982). 
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The developmental expression during leaf or flower development of the 
major peroxidase isoenzymes, PRXa, PRXb and PRXc, was investigated in 
plants heterozygous for their encoding genes. By comparing the relative 
staining intensities of the bands encoded by the two alleles (allozymes) it 
was found that their expression at the protein level differed both quanti-
tatively and temporally (Fig. 3) (Van den Berg and Wijsman 1982b, Van den 
Berg et_ al. 1982, 1983a,b, 1984a). Whereas the quantitative differences may 
be caused by different mRNA levels or enzyme specific activity, at least 
the temporal differences were attributed to mutations in the regulatory 
part of the structural genes (internal site mutations). In addition to 
these cis-acting mutations, trans-acting regulatory loci were reported 
modulating the temporal expression of specific alleles of the genes prxA 
and prxB (Van den Berg je_t al. 1983c, 1984a). The responsiveness of the 
various alleles of prxA and prxB to this trans-acting regulation also 
differed, indicative of additional internal-site mutations. The regulatory 
loci, Rpl and Rp2, were mapped to the chromosomes III and VII (Table 1). 
In order to further elucidate the regulation of its expression, PRXa 
was isolated from stem tissue (Van den Berg and Van Huystee 1984), and an 
antiserum raised against the purified enzyme was used in immunological 
studies (Van den Berg et_ al. 1984b). By subjecting partially purified elec-
trophoretic variants of PRXa to rocket-immunoelectrophoresis, it was found 
that the enzymes coded for by different alleles may differ significantly in 
specific activity. It was even found that an apparently single electropho-
retic variant when isolated from different inbred lines, had different 
specific activities (Van den Berg et_ al. 1984b). These results suggest that 
the number of prxA alleles - 7 as thus far identified by starch gel elec-
trophoresis - is higher. However, the differences in specific activities of 
the various electrophoretic variants of PRXa can not account for all the 
regulatory differences observed (Van den Berg et al. 1984b). In the pre-
vious studies possible differences in enzyme turn-over were not considered. 
Although peroxidases are very stable in vitro (Gaspar et^  al. 1982), struc-
tural differences between allozymes may result in different stabilities 
under ùi vivo conditions. 
At several occasions attention has been drawn to the similarity of the 
peroxidase system in petunia and in other Solanaceae (e.g. Wijsman and 
Hendriks 1986), in particular the resemblance of petunia PRXa to similar 
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PRXa a l le les 
Fig. 3. D i f f e r e n t i a l expression of the PRXa a l l e l e s . Diagram represent ing 
the d i f f e r e n t i a l expression of PRXa a l l e l e s determined by the a l lozyme-
balance studies (see text) to i l l u s t r a t e the differences in the s tar t of the 
expression of the PRXa a l l e l e s 1-7. The a c t i v i t i e s are r e l a t i v e and not 
based on peroxidase assays (redrawn from Van den Berg et a l . 1983, 1984b). 
These isoenzymes have s imi la r electrophoretic mobi l i t ies and banding pat-
te rns (Sheen 1970, Concl in and Smith 1971, Rick and Tanksley 1980, Quiro 
and McHale 1985, Oliver and Martinez-Zapater 1985). Petunia PRXa i s loca-
l i z e d i n the apoplast (Hendriks et a l . 1985a) and possesses b iochemical 
p rope r t i es s i m i l a r to the corresponding peroxidase i n tobacco (Van den 
Berg and Van Huystee 1984, Van den Berg e_t el_. 1983b). The l a t t e r has been 
suggested to function as a l i gn in polymerase (Mëder et_ a l . 1986, see also 
Lagrimini et a l . 1987). 
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Conclusion 
Although our knowledge of plant peroxidases is increasing, and recent-
ly a detailed model of the physiological activities of peroxidases has been 
put forward (Gaspar et al. 1985), no peroxidase isoenzyme complex is com-
pletely understood. In fact, there is not one peroxidase isoenzyme for 
which an integrated set of genetic, physiological, biochemical and molecu-
lar data is available. Only the detailed analysis of purified peroxidase 
isoenzymes, as well as their genetics, biosynthesis and its regulation, 
cellular localization, organ and tissue specificity, and substrate specifi-
city may provide insight in the role of the peroxidase system and the 
functions of the various composing isoenzymes. The peroxidase isoenzymes in 
petunia, being both spatially (organ specificity) and temporally (deve-
lopmental expression) regulated, offer great potentiality for molecular 
studies on gene expression. Since each isoenzyme is genetically defined, 
these peroxidases are excellently suited to study their biosynthesis and 
elucidate the roles played by these enzymes in higher plants. 
In this thesis molecular physiological studies on the petunia peroxi-
dase a are described. In Chapter 2, genes encoding minor peroxidases and a 
regulatory locus are mapped and a synopsis of the genetics of the peroxi-
dase isoenzymes is given. Chapter 3 shows the cellular location of PRXa, as 
well as of other peroxidase isoenzymes, and its partial affinity for Con A-
Sepharose. In Chapter 4 the isolation, purification and characteristics of 
PRXa are presented. Using a specific antiserum against PRXa it is shown in 
Chapter 5 that cross-reacting peroxidase isoenzymes are present in other 
Solanaceae. The tissue specificity of PRXa is shown in Chapter 6 and in 
Chapter 7 the heterogeneity of PRXa is further analyzed. Attempts to obtain 
a PRXa cDNA clone are described in Chapter 8. In Chapter 9 all the informa-
tion is reviewed and discussed, particularly with respect to the possible 
function of PRXa in petunia. 
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Genetics of the peroxidase isoenzymes in Petunia 
11. Several loci involved in peroxidase synthesis 
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Summary. The structural gene prxE, coding for a slow 
cathodic peroxidase in Petunia, has been located to 
chromosome II. linked to Fl. The presence of two 
mobility alleles in Petunia hybrida can be ascribed to its 
hybrid descent. Some properties of peroxidase e are 
mentioned. A gene prxJ is postulated for a still slower 
cathodic band. The gene Rpl, regulating the onset of 
expression of the allele prxB2, has been located on 
chromosome VII (gene order Rpl-prxF-An4). A 
synopsis of the isoperoxidases and the corresponding 
genes is given. 
Key words: Petunia - Plant peroxidase regulation 
Introduction 
Structural genes for the more conspicuous ("major") 
Petunia peroxidases in shoots (prxA, prxB, and prxC) 
as well as in roots (prxG, prxH) have already been 
described (van den Berg and Wijsman 1981. 1982 a, 
1982b; van den Berg etal . 1983. 1984b; Wijsman 1983) 
as well as a postulated additional one encoding the 
flower specific peroxidase ƒ In addition, a few isoen-
zymes migrating less far from the origin can be distin-
guished; one anodic, mentioned as PRX-22 by van den 
Berg and Wijsman (1981) and encoded by the struc-
tural gene prxD (Hartings and Wijsman 1984); two 
others cathodic, presently called peroxidase /' (nearest 
to the origin) and e. 
Van den Berg et al. (1983) have described the gene 
Rpl as influencing the onset of the expression of prxB2, 
but this gene has not been located. 
This report is a survey of structural and regulatory 
genes represented in the collection of pure lines of 
Petunia from the Institute of Genetics, University of 
Amsterdam. 
Material and methods 
Plant material 


















rplrpl, prxF2F2, An4An4. prxB3B3 
The first four lines are P. hybrida; S2 is P. axillaris ssp. 
axillaris; S6 and S9 are P. integrifolia ssp. inflata; S12 is 
P. integrifolia ssp. integrifolia. 
Electrophoresis 
Sample preparation and electrophoretic separation of the 
peroxidase isoenzymes were essentially carried out as de-
scribed previously (van den Berg and Wijsman 1981). For 
peroxidase a gel system I was used. For peroxidase b (to 
screen for Rpl) or for peroxidase ƒ either gel system I or 
system II were used. For the separation of peroxidases El and 
E2, lithium borate buffer was used, modified slightly from 
Gottlieb (1973) as follows: gel buffer stock was 0.05 IM Tris 
+ 0.013 M citric acid (pH 7.9); electrode buffer 0.038 M LiOH 
+ 0.138 M boric acid (pH 8.3). The final gel buffer was com-
posed by mixing two parts ge! buffer stock with one part 
freshly made electrode buffer and diluting 2V2 times with 
demineralized water. Staining was carried out according to 
van den Berg and Wijsman (1981). but to obtain a better 
staining of peroxidase e the concentration of sodium acetate 
buffer was increased from 0.05 M to 0.2 M. 
Other genetic markers 
Phenotypes of PI and An4 (as mentioned in Wijsman and van 




Location of the gene prxE 
Young plants have one minor cathodic band near 
the origin of the electrophoresis, peroxidase <?. Older 
plants have an additional, faster band (a mozyme, see 
van den Berg and Wijsman 1981). PRXe could be 
demonstrated in most plant parts. Two pure lines, Vu6 
and S12 (as well as all other P. integrifolia lines in-
vestigated) possess a faster PRXe allozyme pair, as 
could be best distinguished on citrate/lithium borate 
gels according to Gottlieb 1973 (Fig. 1). The PRXe2 
bands develop later than the PRXel bands. The two 
doublets behave as alleles in the selfing of a heterozy-
gote, where the three combinations segregated as 
14 : 24 : 13. This implies that prxE is the structural gene 
for the enzyme. 
In order to locate gene prxE, several genetic markers 
representing all seven linkage groups were tested for 
linkage: 86% linkage with the factor Fl on chromo-
some II could be demonstrated (Table 1). 
P. integrifolia line S9 (prxE2E2) has one single band 
regardless of the age of the plant. Fl hybrids with 
prxElEl lines show two bands, PRXe 1.1 as well as the 
coinciding PRXe 1.2 and PRXe2.1. One explanation is 
that a modifying, mozyme-forming enzyme is allozyme-







Table 1. Segregation of the genes prxE and F/showing linkage 
Cross: Bl (Vu6x V23)x V35 
Genotype Bl: 
—i ^PRXe2.2 
_ K p PRXe 2 
Fig. 1. Lithium borate starch gel showing segregation for 
prxEl and prxE2 in the backcross (Vu6x R12)x V35 
» m PRXb2 
PRXdl 
ppy , Fig. 2. System II starch gel showing 
the tissue specificity of PRXe in leaf 
—. tissue of Petunia hvbrida iprxElEi). 
• —I r n A l - t Lane 1: leaf midrib: lane 2: leaf re-
— maining tissue. Note the similar 
•] 2 tissue specificity of PRXd 
prxE2.fl prxFJ.fl 
prxEl, Fl prxElfß 
Phenotypes and number of progeny 
Flfl flfl 
prxElEl 90 15 
prxElE2 11 72 
Segregation chi square tests 
prxE 105:83 x? -, =2.57 df= 1 P = 0.12 
Fl 101:87 xf:i = 1.05 df= 1 P = 0.31 
linkage chi square test 
Z2x2 = 97.9 (df=l) P«0.001 Distance 13.8± 1.7 cM 
enzyme and the particular PRXe2 does not take place 
in S9. Later generations will show whether the defect 
resides in the peroxidase or in its modifier. 
As to cellular localization, enzyme PRXe seems to 
be extracellular. When callus has been grown on agar, 
PRXe activity can be recovered from the agar after 
removal of the callus. The data of Hendriks et al. (1985) 
point to PRXe as an enzyme ionically bound to the 
cell wall which does not bind to concanavallin A. 
Extracts from leaf halfs were richer in activity than 
extracts from leaf midribs (Fig. 2). 
Peroxidase J 
In extracts of old plants a band can be found on a 
system II gel between the origin and PRXe (Rf: 0.05; 
Fig. 1). It could be demonstrated in all inbred lines and 
in all organs; in leaves the plant as well as the organ 
must be old for this PRXj band to be seen. Virus-
infected leaves had a very high activity. This enzyme 
does not bind to concanavallin-A (Hendriks et al. 
1985). 
In heterozygotes forprxA, B, C, D, and E, the PRXj 
band remains single. In addition, it can be seen regard-
less of the presence of PRXf As this enzyme can not be 
a mozyme of the isoenzymes already described, a 
separate geneprxj must be postulated. 
The trans-regulatory gene Rpl 
Van den Berg et al. (1983) described a gene influencing 
the allozyme balance of the PRXb isoenzymes. In an 
Rp* background prxB3 expression exceeds prxB2 ex-
pression, which reflects the later start of the latter. In an 
rp~ background (P. integrifolia ssp. inflala), expression 
of prxB2 starts earlier, and as a result both allozymes 
are more or less balanced in activity, often even 
showing a preponderance of prxB2. It was demon-
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strated that Rp segregates in a monofactorial fashion, 
but the gene was not mapped. 
In the F2 of lines S2 X S6, in which each linkage 
group was represented by at least one marker gene, 
segregation for Rpl was observed in the F2, and 
linkage of Rpl to prxF (12 cM) could be demonstrated 
(Table 2). Unpublished data show prxF and An4 to be 
more closely linked than was considered by van den 
Berg etal . (1984b), who may have come across an 
exceptional case. In the present cross, the distance of 
prxF and An4 is 1 8 ± 8 c M . Rpl does not segregate 
among An4+ plants significantly different from the data 
in Table 2 (14: 11 versus 24 : 19, respectively). It follows 
that the gene order to be deduced is Rpl-prxF-An4. 
Discussion 
The importance of the additional genetic data is that 
they complete the picture of the genetic control of the 
peroxidase isoenzymes in Petunia. We have tried to 
Table 2. Segregation for the genes Rpl and prxF showing link-
age 
Cross F2(S2xS6) 
Genotype Fl : Rp+, prxFl 
rpl, prxF2 
Phenotypes and number of progeny 
prxFl - prxF2F2 
Rp*- 21 3 
rplrpl 3 16 
Segregation chi square teste 
Rp 24:19
 z? : 1=8.44 
prxF 24:19
 z<f:1 = 8.44 
Linkage chi square test 





Distance 12.6 ± 3.8 cM 
Rp+~ and prxFl- stand for the heterozygous and homozygous 
dominant genotype 
locate all structural genes. For PRXf and PRXj no 
structural variants are known. However, the gene prxF 
has been located by using a null allele, and may be a 
structural gene. That prxD is a structural gene (Hartings 
and Wijsman 1984) is based on circumstantial evidence 
only. The exceptional line W115 (prxD2D2, differing 
from all other lines investigated, all of genotype 
prxDIDI) could possibly have a null allele for PrxD in 
combination with a unique slower band. Only the fact 
that both PRXdl and PRXd2 bands are H 2 0 2 sensitive 
points to their allelic relationship. 
As to the location of prxE, de Vlaming etal. (1984) 
published that some other genes were very closely linked to Fl 
and only one gene was weakly linked (Ws, at 28 cM). Dietrich 
etal. (1981, Fig. 5) showed that one arm of chromosome II 
consists largely of heterochromatin. This points to a gene order 
Fl-prxE-Ws because the alternative would endow one chro-
mosome arm with nearly as many cM as the largest chromo-
somes IV and VII, with two euchromatic arms. 
Power etal. (1976) showed the appearance of an addi-
tional band in the PRXe zone in sexual or somatic hybrids of 
P. hybrida and P. parodii. This additional band, absent from 
the zymogram of the parents, can now be interpreted as a 
hybrid vigour phenomenon, making the leaves more vigorous, 
that is, "older", and in this way inducing the PRXe mozyme 
earlier than in the inbred lines. 
To further account for all the bands, we wish to mention 
three weak mozymes co-migrating with the prxB main bands, 
and not mentioned by van den Berg and Wijsman (1982a) 
because they are only visible in a system II gel (cf. van den 
Berg etal. 1982, Fig. 1). An additional enzyme of a very low 
Rf value but at the anodal side may be specific for the style 
(cf. van den Berg and Wijsman 1981). 
According to Gottschalk (1953) the basal chromosome 
number in the Solanaceae is six. Species with 2n = 24, like 
Lycopersicon or Nicotiana, might be re-diploidized tetraploids, 
while, by contrast, Petunia would have had only the addition 
of one chromosome (2n= 14). There is no evidence for genome 
duplication in Petunia. We expect no duplicate forms of the 
peroxidases and there is evidence that all peroxidases are 
different at the peptide level. As for PRXa and PRXb it is 
known that their pi's are diametrically different, though the 
molecular weights are approximately the same (Hendriks, un-
published results). Immunological work on the homology of 
peroxidases in the Solanaceae is in progress. 
Above, we have located the gene Rpl on chromo-
some VII. Clearly, it concerns an external site, active in 
Shoot Flower Root 1 II III IV 
Anodal Front 
sJ-PRXa1 




]-PRXe1 Z Z 




























Fig. 3. a Schematic peroxidase pat-
Rpi terns in shoots, flower, and root of 
Petunia, b Peroxidase gene linkage 
map; the figures are distances in 
cM. The chromosomes have been 
rendered as of equal length, since 
the positions of the genes relative to 
the centromere are unknown 
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trans, as Rpl regulates the onset of gene expression of 
prxB on chromosome I. Because it influences the prxB2 
allele but not the prxB3 allele (van den Berg et al. 
1983), Rpl is likely to have a specific effect on peroxi-
dase development. In the same way another gene, 
presently called Rp2, is regulating prxA 6 but not prxA1 
(van den Berg etal . 1984 a). Preliminary unpublished 
evidence, however, points to the gene Rp2 being located 
on chromosome III, just asprxA itself. 
The above leads us to a final interpretation of the 
peroxidase isozyme pattern in Petunia and an appraisal 
of the genetic situation, which are rendered in Fig. 3. 
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Chapter 3 
Cellular location of peroxidase isoenzymes in leaf tissue 
of Petunia and their affinity for Concanavalin A-Sepharose 
Theo Hendriks, Bartel M. van den Berg and André W. Schram 
Genetisch Institut der Universiteit, Vakgroep Genetica, Kruislaan 318, NL-1098 SM Amsterdam, The Netherlands 
Abstract. The cellular location of three peroxidase 
isoenzymes (PRX) in mature leaf tissue of Petunia 
and their affinity for Concanavalin A-Sepharose 
were investigated. The isoenzymes PRXa, PRXb 
and PRXc were identified by their positions in 
starch-gel zymograms. The fast-moving anodic 
and cathodic peroxidase bands, the isoenzymes 
PRXa and PRXc respectively, were the most active 
peroxidases in extracellular extracts. The molecu-
lar forms of PRXa showed a tissue-specific distri-
bution between midrib and remaining leaf tissue. 
An intermediate-moving anodic peroxidase band, 
the isoenzyme PRXb, was the most active peroxi-
dase released after extraction of isolated mesophyll 
protoplasts. Small amounts of the peroxidase 
isoenzymes were present in cell-wall-bound frac-
tions. Incubation of a crude protein fraction with 
Concanavalin A-Sepharose showed that the isoen-
zyme PRXb bound more firmly to Concanavalin 
A-Sepharose than the isoenzymes PRXa and 
PRXc, of which only one molecular form bound 
partly. The results are discussed with respect to 
a possible function of one of the peroxidase isoen-
zymes, and a possible role of oligosaccharide 
chains in determining the cellular location of plant 
peroxidases is suggested. 
Key words: Concanavalin A - Leaf (peroxidases) 
- Peroxidase isoenzymes - Petunia (peroxidases). 
Introduction 
Three major peroxidase isoenzymes (PRX) are 
present in leaf tissue of Petunia, as detected on 
zymograms after starch-gel electrophoresis (van 
Abbreviations: 
(isoenzyme) 
Con A— Concanavalin A; PRX — peroxidase 
den Berg and Wijsman 1981). Genetic studies re-
vealed that these peroxidase isoenzymes - PRXa, 
PRXb and PRXc - are coded for by three structur-
al genes that are located on different chromosomes 
(van den Berg and Wijsman 1982a, b ; van den 
Bergetal . 1982). 
Plant peroxidases may serve as model enzymes 
in studies on cellular development and differentia-
tion, and on the nature and biosynthesis of plant 
glycoproteins (van Huystee and Cairns 1982). As 
for the peroxidase isoenzymes in Petunia, it was 
suggested in previous papers that the organ-speci-
ficity and the post-transcriptional modifications of 
PRXa, PRXb and PRXc probably reflect func-
tional and biochemical aspects (van den Berg and 
Wijsman 1981, 1982a, b ; van den Berg et al. 1982; 
Wijsman 1983). However, without further investi-
gations the physiological significance of these ob-
servations is difficult to value. 
In this paper we report on the cellular location 
of peroxidase isoenzymes in mature leaf tissue of 
Petunia, and on their affinity for Concanavalin A-
Sepharose (Con A-Sepharose). The results indicate 
that PRXa and PRXc, on the one hand, and 
PRXb, on the other hand, differ in their cellular 
location, as well as in their affinity for Con A-
Sepharose. 
Materials and methods 
Plant materials. Clones from the inbred lines Petunia hybrida 
line R27 (cv. Roter Vogel) and P. axillaris ssp. axillaris line 
S 2 (Institute of Genetics, University of Amsterdam, The Neth-
erlands) were grown in a greenhouse under flower-inducing 
conditions (at least a 14-h light period, supplementary light 
was provided during the cold season by means of a Philips 
UPI (TH 00.5 SE; Eindhoven, The Netherlands) installation). 
The largest leaves picked from fully grown flowering plants 
were used. 
Tissue extraets. Crude leaf homogenates were made by grinding 
leaf tissue with quartz sand and deionized water (1-2 ml g~ l 
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FW). After centrifugation (5 min, 1 500 g), the supernatant was 
referred to as the crude extract. 
Extracellular extracts were obtained by the vacuum infiltra-
tion method (Rathmell and Sequcira 1974). A leaf was cut in 
strips {1 cm wide) parallel to the midrib that was also cut in 
pieces (1 cm long). Half the leaf strips and midrib pieces were 
separately vacuum-infiltrated with deionized water. The vacu-
um was maintained till no more air escaped from the tissue 
parts. The infiltrated tissue parts were placed in disposable syr-
inge barrels that were hung in centrifuge tubes. After centrifuga-
tion (5 min, 1100#), the extracellular extracts were collected 
from the centrifuge tubes. 
Crude extracts (see above) were made from the remaining 
tissue parts, and the other leaf strips and midrib pieces. 
Isolation and extract ion of protoplasts. Leaf mcsophyll proto-
plasts were isolated essentially as described by Boiler and Kende 
(1979). Leaf parts from which midrib and lower epidermis were 
removed, were vacuum-infiltrated and thereafter incubated in 
mannitol (0.6 M) containing 2% Ccllulase 'Onozuka1 R-10 
(Yakult Biochemicals; Shingikan-cho, Nishcnomiya, Japan) 
and 0.2% Macerozyme R-10 (Yakult Biochemicals). This en-
zyme medium was centrifuged prior to use (20 min, 1500 g), 
and adjusted to pH 5.8. Incubation took place in Petri dishes 
in a shaking water bath (2 4 h, 37° C). The crude protoplast 
suspension was filtered through nylon gauze (50-um meshes) 
to remove undigested leaf material. The protoplasts were 
washed once in 0.6 M mannitol and resuspended in 2 ml 10% 
Ficoll 400 (Pharmacia Fine Biochemicals; Uppsala, Sweden) 
in mannitol (0.6 M). To obtain a two-step gradient, the 10% 
Ficoll step was ovcrlayered with 2 ml mannitol (0.6 M). After 
centrifugation (30 min, 1 500 g), purified protoplasts were har-
vested from the interphase with a Pasteur pipette, washed once 
and resuspended in 1 ml mannitol (0.6 M). The suspension was 
checked for contamination (chloroplasts mainly) by examina-
tion under a light microscope. When necessary, the Ficoll-gra-
dient procedure was repeated till properly purified protoplasts 
were obtained. 
For extraction, the protoplasts were pelleted in a 2.0-mI 
Eppendorf centrifuge tube and homogenized with quartz sand, 
using a pointed glass pestle. The homogenatc was centrifuged 
(5 min, 10000 g) and the supernatant was referred to as the 
cytoplasmic fraction. 
Isolation and extraction of cell walls. A fraction that was as-
sumed to contain mainly cell walls was prepared essentially 
as described by Ridge and Osborne (1971). The pellet of a 
crude leaf homogenate was washed twice with Triton X-100 
(1%) and five times with deionized water. An ionically bound 
fraction was extracted from the washed pellet by incubation 
in NaCl (1 M, 15 h, 6° C). Thereafter, the pellet was washed 
twice with NaCl (1 M) and five times with deionized water. 
Finally, a covalcntly bound fraction was extracted from the 
washed and salt-extracted pellet by incubation (2 h, 37° C) in 
the enzyme medium used for protoplast isolation (sec above). 
Determination of the affinity for Con A-Sepharose. A crude leaf 
extract was applied to a Scphadcx G25 medium (Pharmacia 
Fine Biochemical) column (4.5 cm long; 1.2 cm inner diameter) 
equilibrated with Na-acctate buffer (0.1 M), pH 6.0, containing 
1 M NaCl, 1 mM MgCl2, 1 mM MnCI2 and 1 mM CaCl2 (Con 
A buffer). Of the void volume, 0.2 ml were mixed with 0.2 ml 
Con A-Scpharosc suspension (Pharmacia Fine Biochemicals) 
(0.1 ml sedimented gel) in a 2.0-ml Eppendorf centrifuge tube. 
After incubation (1 h, 20° C) the Con A-Sepharose was pelleted 
and 0.2 ml of the supernatant were sampled (fraction that did 
not bind to Con A-Sepharose). The Con A-Sepharose was 
washed five times with Con A buffer and bound glycoproteins 
were released by incubation (1 h, 20° C) after addition of 0.2 ml 
1 M at-D(-f-)glucose. In one experiment the Con A-Sepharose 
was replaced by Sepharosc 4B. 
Enzyme and protein assays. The assay mixture for spectrophoto-
metry determination of peroxidase activity consisted of a Na-
acctate buffer (0.05 M), pH 5, containing guaiacol (4.0 mM) 
and hydrogen peroxide (2.2 mM). After addition of 0.01 ml 
enzyme fraction, the linear increase in the absorbance at 470 nm 
was followed continuously for at least 1 min (Zeiss Photometer 
DMR21; Obcrhochen, FRG). 
The malate-dehydrogenase activity was determined spec-
trophotometrically as described in Boehringer (1973). The lin-
ear decrease in the absorbance at 360 nm was followed contin-
uously for at least 1 min (Zeiss Photometer DMR2I) (/;NAmi = 
6.22 mM"1 cm' 1 ) 
Protein was determined according to Bradford (1976), us-
ing bovine gamma globuline as a standard. 
Detection of the peroxidase isoenzymes. Starch-gel electrophore-
sis (system I and II), staining for peroxidase activity with 3-ami-
no-9-ethylcarbazole, and densitomctric scanning of the zymo-
grams were performed as described previously (van den Berg 
and Wijsman 1981, 1982a; van den Berg et al. 1982). 
Results 
The major peroxidase isoenzymes in leaf tissue of 
Petunia hyhrida line R27 as detected on starch-gel 
zymograms after electrophoresis of crude extracts 
are shown in Fig. 1. They are the same electropho-
retic variants of PRXa, PRXb and PRXc as detect-
able in tissue extracts of P. axillaris line S2 (van 
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Fig. I a, b. Zymograms of soluble peroxidases in crude leaf ex-
tracts from leaf tissue oi' Petunia hyhrida line R27. Only the 
major peroxidase isoenzymes are indicated (nomenclature ac-
cording to van den Berg and Wijsman 1981). a System-II zymo-
gram, b System-I zymogram 
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Table I. Peroxidase and malate-dehydrogcnase activity in crude extract, extracellular extract and remaining-tissue extract from 
leaf tissue of Petunia hybrkla line R27. The midrib from a leaf was removed and one leaf half was extracted by means of 
the vacuum-infiltration method, yielding the extracellular extract. Crude extracts were made from the remaining leaf tissue and 
other leaf half 
Fraction Protein 
mg g FW 
Peroxidase activity 
^A 4 7 0 „ m s - ' gFW SA' 
Malate-dehydrogenase ac-
tivity 
ukat-gFW- % SA" 
Crude extract, soluble 4.9 100 1.05 
Extracellular extract 0.3 6 0.30 













Specific activity: zJA470nm s ' mg protein ' (peroxidase); ukat mg protein ' (malate dehydrogenase) 
Fig. 2. Densitometrie scans of systcm-II zymograms showing 
the soluble peroxidases in extracellular extract and remaining 
tissue extract from leaf tissue of P. hybricla line R27 (see Ta-
ble 1). Scan /. crude leaf extract (Fig. la). Scan 2. leaf extracel-
lular extract. Scan 3, extract of the remaining leaf tissue (soluble 
fraction), al = PRXal ; b2 = PRXb2 ; c2 = PRXc2 
In preliminary experiments, starch gels were 
also stained for peroxidase with the spectrophoto-
metry assay mixture. In these zymograms, PRXa 
and PRXb had about the same activities as in the 
standard zymograms, but the activity of PRXc was 
much lower (results not shown). Therefore, it may 
be that the peroxidase activities presented in Ta-
ble 1 and 2 (sec below) in fact represent mainly 
the activities of PRXa and PRXb in the fractions. 
The following results are presented for P. hy-
brida line R27 only, since similar results were ob-
tained for P. axillaris line S 2. 
Cellular location of the peroxidase isoenzymes. An 
extracellular extract from leaf tissue of P. hybrida 
line R27 contained about 30% of the peroxidase 
activity and about 3 % of the malate-dehydroge-
nase activity in a crude extract (Table 1). The per-
oxidase activity but not the malate-dehydrogenase 
activity recovered in extracellular extract and re-
maining leaf tissue extract was higher than in a 
crude leaf extract (Table 1). This was probably 
caused by an increased extraction of peroxidases 
in the cell wall (Mäder 1976). The specific activity 
of peroxidase in an extracellular extract was about 
five times higher than in the remaining leaf tissue 
extract (Table 1). Conversely, for malate dehy-
drogenase the specific activity in an extracellular 
extract was less than half its specific activity in 
the remaining leaf tissue extract (Table 1). These 
results indicate that in leaf tissue a considerable 
amount of the soluble peroxidases is located extra-
cellularly. 
As shown in Fig. 2, an extracellular extract 
contained mainly PRXa and PRXc, whereas the 
activity of PRXb was much lower than in the re-
maining leaf tissue extract and a crude leaf extract. 
The activities of PRXa and PRXc in the remaining 
leaf tissue extract were still high, considering their 
high activities in the extracellular extract (Fig. 2). 
This probably reflected the higher peroxidase ac-
tivity recovered in both fractions when compared 
with a crude leaf extract (Table 1). The results indi-
cate that in leaf tissue PRXa and PRXc are located 
extracellularly and that PRXb is located intracellu-
larly. 
Comparable results were obtained for leaf mid-
rib, indicating that in leaf midrib and remaining 
leaf tissue PRXa, PRXb and PRXc have a similar 
cellular location. However, a tissue-specific distri-
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Fig. 3. Zymograms (system I) of the soluble peroxidases in ex-
tracts from leaf midrib and leaf-half tissue of P. hybrida line 
R27. The extracts from leaf-half tissue were the same as shown 
in Fig. 2, and the extracts from leaf midrib tissue were prepared 
in a similar manner. Lane 1, extract from remaining midrib 
tissue; lane 2, extracellular extract from leaf midrib tissue; 
lane 1, crude extract from leaf midrib tissue; lane 4, extract 
from remaining leaf-half tissue; lane 5, extracellular extract 
from leaf-half tissue; lane 6, crude extract from leaf-half tissue 
Fig. 4. Densitometrie scan of system-II zymogram showing the 
peroxidases in the cytoplasmic fraction obtained after extrac-
tion of protoplasts isolated from leaf mesophyll of P. hybrida 
lineR27. 0/ = PRXa1;W = PRXb2;c2 = PRXc2 
bution between the fractions of midrib and remain-
ing leaf tissue was observed for the molecular 
forms of PRXa (Fig. 3). It seems that the slower-
moving molecular forms of PRXa are mainly lo-
cated in vascular tissue and the faster-moving mo-
lecular forms in mesophyll and epidermis. 
In order to confirm the proposed cellular loca-
tion of PRXa, PRXb and PRXc, protoplasts were 
isolated from leaf mesophyll. A cytoplasmic frac-
tion that was obtained after extraction of the iso-
lated protoplasts indeed contained mainly PRXb 
(Fig. 4). The activities of PRXa and PRXc in the 
protoplasmic fraction were very low (Fig. 4). These 
results thus confirm that in leaf mesophyll PRXb 
is located intracellularly and that PRXa and PRXc 
are located extracellularly. 
Fig. 5. Densitometrie scans of system-II zymograms the peroxi-
dases in the cell-wall-bound fractions extracted from leaf tissue 
of P. hybrida line R27. The fractions were obtained by further 
extraction of the pellet of a crude leaf homogenate. Upper scan, 
ionically bound peroxidases obtained by extraction in NaCI 
(1 M); lower scan, covalently bound peroxidases extracted by 
incubation in mannose (0.6 M) containing ccllulasc (2%) and 
macerozyme (0.2%), after the ionically bound peroxidases had 
been extracted, al = PRXal ; h2 = PRXb2; c2 = PRXc2 
Since PRXa and PRXc are located extracellu-
larly, it may be that part of them is bound to cell 
walls. To investigate this, a fraction was prepared 
from the pellet of a crude leaf homogenate that 
was assumed to contain mainly cell walls. From 
this cell wall fraction an ionically bound and a 
covalently bound fraction were extracted. The ioni-
cally bound fraction contained both PRXa and 
PRXc, whereas PRXa was also present in the cova-
lently bound fraction (Fig. 5). These results indi-
cate that both PRXa and PRXc are in part bound 
to the cell wall, in particular the slower-moving 
molecular form of PRXa and the faster-moving 
molecular form of PRXc. It was noted that minor 
amounts of PRXb were also present in the bound 
fractions (Fig. 5). The Triton X-100 extract that 
preceded the extraction of the cell-wall-bound frac-
tions contained only the peroxidases that were al-
ready present in the crude leaf extract, and they 
also showed similar relative activities (results not 
shown). 
Affinity of the peroxidase isoenzymes for Con A-
Sepharose. After incubation of a soluble-protein 
fraction from leaf tissue of P. hybrida line R27 
with Con A-Sepharose, the supernatant contained 
92% of the protein, representing 60% of the perox-
idase activity originally present (Table 2). The re-
maining 8% of the protein, representing 40% of 
the peroxidase activity, was released from the Con 
A-Sepharose after incubation in 0.5 M a-D( + )glu-
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Table 2. Peroxidase activity in soluble-protein fractions of crude extracts from leaf tissue of Petunia hybrida line R27 that did 
or did not bind to Con A-Sepharose. After gel filtration (Sephadex G 25 medium) of a crude leaf extract, 0.2 ml of the void 
volume were incubated (1 h, 20° C) with 0.2 ml Con A-Sepharose suspension in Con A buffer (0.1 M Na-acetate, pH 6.0, containing 
1 M NaCl, 1 mM MgCl2, 1 mM MnCl2 and 1 mM CaCI2). Bound glycoproteins were relased from the Con A-Sepharose by 
incubation (1 h, 20° C) in 0.5 M a-D( + )glucosc. No protein or peroxidase binding was detected when the Con A-Sepharose 
was replaced by an equal amount of Sepharose 4B 
Fraction 
Void volume (diluted twice) 
Not bound to Con A-Sepharose 























Specific activity: /1A470nms ' mg protein 
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Fig. 6a, b. Zymograms showing the affinity for Con A-Sephar-
osc of the peroxidases in leaf tissue of P. hybrida line R27 
(see Table 2). a System-I zymogram, b System-II zymogram 
(cathodic side). Lane I, peroxidases that did not bind to Con 
A-Sepharosc; lane 2, peroxidases that bound to Con A-Sephar-
ose and that were released after incubation in 0.5 M oc-D( + )-
glucose; knie 3, peroxidases in the soluble-protein fraction of 
a crude leaf extract. Note that the peroxidase activity in the 
protein fraction is twice the peroxidase activity in both other 
fractions (Table 2) 
cose (Table 2). Similar results were obtained when 
the protein fraction was diluted four times prior 
to incubation with the same amount of Con A-
Sepharose, when incubation periods were extended 
to 3 h, or when the concentration of a-D( + )glu-
cose was lowered to 0.1 M (results not shown). 
In the fraction that contained proteins that 
were not bound to Con A-Sepharose, only PRXa 
and PRXc were present (Fig. 6). The fraction that 
contained glycoproteins that bound to Con A-Se-
pharose, and that was obtained after incubation 
of the Con A-Sepharose in 0.5 M a-D( + )glucose, 
contained mainly PRXb, though minor amounts 
of PRXa and PRXc were also present (Fig. 6). 
These results indicate that PRXb has a higher af-
finity for Con A-Sepharose than PRXa and PRXc. 
Apparently only the slower-moving molecular 
form of PRXa and the faster-moving molecular 
form of PRXc have some affinity for Con A-Se-
pharose (Fig. 6). 
Discussion 
The proposed role of peroxidases in plant cell 
growth and differentiation is based mainly on their 
involvement in lignin biosynthesis and the oxida-
tion of indole acetic acid (van Huystee and Cairns 
1980, 1982). It is generally accepted that peroxi-
dases catalyzing the polymerization or cross-link-
ing of cell-wall polymers and the generation of hy-
drogen peroxide needed for these reactions, are lo-
cated extracellularly (Gross 1979; Fry 1979, 1980; 
Mäder et al. 1980). Little is known, however, about 
the cellular location of peroxidases that may oxi-
dize indole acetic acid (Sembner et al. 1980), 
though they are probably not present freely soluble 
in the cytoplasm (Waldrum and Davies 1981). 
In tobacco, a fast-moving group of anodic per-
oxidases (peroxidase group G,) is located extracel-
lularly (Mäder 1976) and is capable of catalyzing 
the polymerization of lignin monomers (Mäder 
et al. 1977). Petunia PRXa resembles in some re-
pects the peroxidase group G, in tobacco, and it 
was suggested that they are homologous (van den 
Berg and Wijsman 1981, 1982 b). Our results con-
cur with this suggestion, since cellular location and 
tissue-specific distribution of the PRXa molecular 
forms are similar to those of the peroxidase group 
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G, (Mäder 1976; Mäder and Bopp 1976). It is 
probable that PRXa has a function in Petunia simi-
lar to that of peroxidase group G, in tobacco 
(Mäder et al. 1980). The tissue-specific distribution 
of the PRXa molecular forms in midrib and re-
maining leaf tissue may indicate that PRXa is in-
volved in the differentiation of tracheary elements 
(Fukuda and Komamine 1982). The developmen-
tal expression of PRXa (van den Berg and Wijs-
man 1982 b), and our finding that the slower-mov-
ing molecular form of PRXa is partly cell-wall-
bound, are compatible with such a function. 
The affinity for Con A-Sepharose of PRXa, 
PRXb and PRXc indicates that they are glycopro-
teins. Although the affinity of PRXa and PRXc 
is restricted to only one of their molecular forms, 
their extracellular location indicates that the re-
maining molecular forms are glycoproteins too. 
For genetic reasons, the heterogeneity of PRXa 
and PRXc has to be the result of post-transcrip-
tional modifications (van den Berg and Wijsman 
1981, 1982b; van den Berg et al. 1982). It may 
be that the modifications (also) occur post-transla-
tionally, causing differences in the carbohydrate 
parts of the molecular forms that lack affinity for 
Con A-Sepharose. 
Plant peroxidases are glycoproteins that prob-
ably carry their oligosaccharide chains linked to 
asparagine, as was shown for peroxidases in horse-
radish (Welinder 1979) and turnip (Welinder and 
Mazza 1977; Mazza and Welinder 1980). Aspara-
gine-linked oligosaccharide chains may bind to 
Con A-Sepharose, provided they have the correct 
structural features (Baenziger and Fiete 1979). 
Heterogeneity in the affinity for Con A-Sepharose 
has been reported for peroxidases in pea (Darbys-
hire 1973) and peanut (van Huystee 1976; van 
Huystee and Maldonado 1982). On the other hand, 
peroxidases in tobacco were all retained to Con 
A-Sepharose after affinity chromatography (Nes-
sel and Mäder 1977). Heterogeneity in the carbo-
hydrate parts of peroxidases is also indicated by 
studies of their carbohydrate content or sugar 
composition (Shannon et al. 1966; Mazza et al. 
1973; Catedral and Daly 1976; Kim et al. 1980). 
The heterogeneity in affinity for Con A-Se-
pharose of the peroxidase isoenzymes in Petunia 
seems to be restricted to those located extracellu-
larly. In addition, the molecular forms of PRXa 
and PRXc that bind to Con A-Sepharose do so 
only in part, indicating that their oligosaccharide 
chains are different from those attached to PRXb. 
In mammals, asparagine-linked oligosaccharide 
chains of lysosomal glycoproteins play an impor-
tant role in the determination of the cellular desti-
nation of these glycoproteins (Sly and Fisher 
1982). Our results may indicate that in Petunia in-
tra- and extracellular peroxidases differ in their 
carbohydrate part in a similar manner to that re-
ported for secretory and lysosomal glycoproteins 
(Sly and Fisher 1982). Further studies on PRXb 
and its subcellular location may provide important 
clues on glycoprotein sorting in higher plants. Re-
cent studies indicated that a considerable amount 
of intracellular peroxidase activity resides in va-
cuoles (Boiler and Kende 1979; Grob and Matile 
1980; Thorn et al. 1982; Martinoia et al. 1982). As 
outlined by van Huystee and Cairns (1982), the 
biosynthesis and secretion of extracellular peroxi-
dases in probably similar to that described for 
mammalian secretory glycoproteins. 
To perform biochemical studies on the peroxi-
dase isoenzymes from Petunia, considerable quan-
tities of highly purified peroxidases will be needed. 
Our results indicate that an initial step in the purifi-
cation of PRXa and PRXc may be the extraction 
of these peroxidase isoenzymes by the vacuum-in-
filtration method. In fact, van den Berg and van 
Huystee (1984) recently reported on the isolation 
of PRXa extracted this way from stem tissue. Bio-
chemical data obtained by a study of PRXa seem 
to confirm the proposed function of PRXa in ligni-
fication (van den Berg et al. 1983). Isolation of 
PRXb may be started by affinity chromatography 
of crude extracts on Con A-Sepharose. 
The authors thank Mr. J.A.J, van der Meyden and Mr. R. 
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Chapter 4 
Petunia peroxidase a: Isolation, purification and characteristics 
Theo Hendriks, Henri 3.W. Wijsman and Leendert C. van Loon 
Department of Plant Physiology, Agricultural University, 
Arboretumlaan 4, 6703 BD Wageningen, The Netherlands 
Abstract 
The fast-moving anionic peroxidase isoenzyme variant PRXa was purified 
from leaves of petunia (Stimoryne hybrids (Hook.) Wijsman) cv. Roter Vogel. 
An over 1300-fold purification was achieved by subjecting extracellular 
extracts to two seguential acetone precipitations and resuspending the 
pellets at pH 5.0 and pH 8.0, respectively, followed by gel filtration and 
chromatofocusing. The purified enzyme had a RZ (^An/inm/^oannm) of 3.6, a 
molecular weight of about 37 kD and a pi of 3.8. Three molecular forms with 
slightly different molecular weights were separated by Concanavalin A-
Sepharose affinity chromatography, indicating that these three forms differ 
in their carbohydrate moieties. 
The absorption spectrum of PRXa had maxima at 496 and 636 nm and a 
Soret band at 440 nm. Spectra of Compounds I and IV were obtained by 
titrating a batch of PRXa stored for several months at -20°C with H20O. The 
addition of 1 mole eguivalent HoOo to freshly purified PRXa caused the 
formation of Compound II, indicating that freshly isolated PRXa contains a 
bound hydrogen donor which is lost upon storage. Compound III was obtained 
from both preparations in the presence of excess HoO?-
The pH optimum of PRXa for the reaction with HoO^ and guaiacol was 5.0 
and its specific activity 61 mkat/g protein. The rate constants k-, and k^ 
for the reactions with H^Oo and guaiacol were 2.6 x 10 and 1.9 x 10 M . 
aromatic compounds, notably by dihydroxylated phenolic derivatives in the 
ortho and para configurations, and by trihydroxy compounds. Cinnamic acid 
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derivatives were more inhibitory than phenol or benzoic acid derivatives. 
Coniferyl alcohol was completely inhibitory and was polymerized to presumed 
lignin-like material. The extracellular localization and the high affinity 
of PRXa for the cinnamic acid derivatives suggest that this isoenzyme 
functions in the polymerization or cross-linking of lignin in the plant 
cell wall. 
Introduction 
It is generally thought that plant peroxidases play important roles in 
growth, differentiation and defence against stress, wounding and invading 
pathogens (Gaspar et al. 1982). These various functions are consistent with 
the occurrence of multiple peroxidases in plants, suggesting that different 
peroxidase isoenzymes are involved in different processes. The molecular 
mechanisms by which peroxidases have been proposed to act are, amongst 
others, hydrogen peroxide degradation, auxin oxidation, and the oxidative 
coupling of cinnamic acid derivatives in lignin and suberin and of tyrosine 
in extensin (Gaspar et al. 1981, Greppin et al. 1986). In spite of the 
large number of studies, most of which are descriptive, our actual know-
ledge about the function of specific plant peroxidases is still limited. 
A number of peroxidase isoenzymes from different plant species has 
been isolated and characterized biochemically. Horseradish peroxidase (HRP) 
isoenzymes are the best characterized plant peroxidases with respect to 
catalytic properties and structure (Dunford and Stillman 1976, Welinder 
1985, Yamazaki and Nakajima 1986, Welinder and Njórskov-Lauritsen 1986). 
Unfortunately, little attention has been paid towards physiologically rele-
vant aspects of the HRP isoenzymes, such as cellular location, organ speci-
ficity and developmental expression. This contrasts with most other studies 
on plant peroxidases, which address those questions but lack detailed 
biochemical and/or genetic characterization. Genetic studies revealed that 
many peroxidase structural genes have null-alleles (Garcia et al. 1982, 
Endo and Morishima 1983, Rick 1983, Ainsworth e* al. 1984, Van den Berg et 
al. 1984c, Brewbaker et al. 1985). In neither of these cases, the absence 
of particular peroxidases was reported to have an effect on the development 
or morphology of the plants (but see Schertz et al. 1971, Soressi et al. 
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1974, Palmieri et_ al. 1978). Such observations Indicate that at least some 
peroxidase isoenzymes must have similar functions, or have functions to 
perform only under certain specific conditions not met during normal deve-
lopment. 
In petunia (Stimoryne hybrida (Hook.) Wijsman; cf. Wijsman and De Jong 
1985) nine peroxidase isoenzymes, most of them organ specific, were recog-
nized using the starch gel zymogram technique (Van den Berg and Wijsman 
1981). Eight peroxidase genes, of which at least six are structural genes, 
were identified and localized on five of the seven chromosomes of petunia 
(Van den Berg and Wijsman 1982a,b, Van den Berg et jal. 1983, 1984b, Har-
tings and Wijsman 1984, Hendriks et^  al. 1985b). 
In mature leaf and stem tissue of petunia the major peroxidase isoen-
zyme is PRXa (Van den Berg and Wijsman 1981). The PRXa structural gene, 
prxA, is located on chromosome III (Van den Berg and Wijsman 1982). Five 
electrophoretic variants of PRXa, each showing at least three active bands 
(mozymes), have been described (Van den Berg and Wijsman 1982, Van den Berg 
et al. 1983a). One of the electrophoretic variants, PRXal, was isolated 
from petunia stem tissue and shown to be a heme-containing glycoprotein 
with a molecular weight of about 37 kD (Van den Berg and Van Huystee 1984). 
Based on its extracellular location and correspondence to a similar per-
oxidase from tobacco, supposedly involved in lignin polymerization (Mäder 
et al. 1986), petunia PRXa has been suggested to function in lignin biosyn-
thesis (Hendriks et^  al. 1985a). Petunia PRXa is unlikely to act as an auxin 
oxidase, because it does not degrade indoleacetic acid (IAA) in the absence 
of H2Û2 and cofactors (Van den Berg et_ al. 1983b). 
Our detailed knowledge of the genetics of petunia PRXa, its easy 
isolation and purification and its antigenicity (Van den Berg et^ al. 
1984c), prompted us to further characterize its biochemical and physio-
logical properties. Previously PRXa was isolated from stem tissue of plants 
in the progeny of crosses between petunia lines apparently homozygous for 
PRXal (Van den Berg and Van Huystee 1984, Van den Berg et^  al. 1984a). 
However, immunological studies revealed that in different lines PRXal may 
have different specific activities (Van den Berg et_ al. 1984a), indicating 
that variants of PRXa having the same electrophoretic mobility may exist. 
In order to further characterize PRXa but avoid isolating a mixture of 
peroxidase activity variants, we purified PRXal from the leaves of the 
inbred line R27. 
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Materials and Methods 
Plant material 
Petunia plants (Stimoryne hybrida (Hook.) Wijsman (cf. Wijsman and De 
Jong 1985), cv. Roter Vogel R27 were grown from seeds (obtained from Dr 
A.G.M. Gerar ts , Department of Genet ics, Free U n i v e r s i t y , Amsterdam, The 
Netherlands) in a greenhouse as described prev ious ly (Hendriks et a l . 
1985a). 
Extraction of PRXa 
For the i s o l a t i o n of PRXa f u l l y expanded, but non-senescing, leaves 
from three- to six-months-old plants were used. The leaves were submerged 
in demineralized (demi) water in a desiccator. Vacuum was applied using a 
water a s p i r a t o r , and released a f t e r about 15 min. The i n f i l t r a t e d leaves 
were removed from the water, allowed to lose adhering water, and placed in 
50 ml disposable syr inges w i th t h e i r s t a l k s po in t i ng down. The syr inges 
were placed on top of the lower t h i r d of 100 ml polypropylene cen t r i f uge 
tubes i n the buckets of a swing-out r o to r of a MSE Superminor cen t r i f uge 
(MSE Sc ien t i f i c Instruments, Crawley, Sussex, England). After centr i fuga-
t ion for 30 min at 200 x g_, the ext racel lu lar extracts were col lected from 
the bottom of the tubes and the remaining leaves were subjected to a second 
vacuum i n f i l t r a t i o n extract ion in the same way. In order to calculate the 
y i e l d of peroxidase from the e x t r a c e l l u l a r e x t r a c t i o n , par t of the r e -
maining leaf t issue was homogenized in demi water or 0.5 M NaCl (10 ml per 
g fresh weight). The homogenate was f i l t e r e d through three layers of gauze 
and the f i l t r a t e was cen t r i f uged fo r 30 min at 1000 x g_. The supernatant 
was used for the determination of protein content and peroxidase ac t i v i t y 
in the t issue. A l l extractions were performed at room temperature. 
Pur i f i ca t ion of PRXa 
The f i r s t and second extracel lu lar extracts were combined and concen-
trated over an Amicon YM 10 f i l t e r to about l /10th of the or ig ina l volume, 
applying 3.6 atm air-pressure. Proteins in the concentrated extract were 
precipitated by adding four volumes of cold (-20° C) acetone and keeping 
the mixture at -20° C overnight. After centrifugation for 30 min at 1000 x 
g_, the pellet was washed with acetone, dried in vacuo and resuspended in 50 
mM sodium acetate buffer, pH 5.0. The suspension was centrifuged (30 min at 
1000 x g_) and the pellet discarded. The supernatant was subjected to a 
second acetone precipitation step, similar to the former. The resulting 
precipitate was resuspended in 10 mM Tris-HCl, pH 8.0, and centrifuged to 
remove a small pellet. The supernatant was subjected to gel filtration on a 
Sephadex G100 (Pharmacia, Uppsala, Sweden) column (1.5 x 85 cm), equili-
brated and eluted with 10 mM Tris-HCl, pH 8.0. Fractions of 3 ml were 
collected and their absorbance at 404 and 280 nm was determined. Fractions 
with a RZ (A^nânn/ ^ 280nm^ °*? ^'® w e r e used f°r chromatofocusing on a Poly 
Buffer Exchanger 94 (LKB, Bromma, Sweden) column (1 x 20 cm), equilibrated 
with 25 mM imidazole-HCl, pH 7.4, and eluted with eight times diluted Poly 
Buffer 74 (LKB) brought to pH 4.0 with HCl. From each fraction (3 ml) pH 
and RZ were determined. The fractions with RZ values of 3.6 (pure PRXa) 
were combined, dialyzed against demi water, and concentrated over an Amicon 
YM 10 filter. Aliquots of the purified enzyme were stored at -20°C. 
Enzyme and protein assays 
Peroxidase activity was assayed by measuring the increase in the 
absorbance at 470 nm due to the formation of tetraguaiacol from 4.5 mM 
guaiacol (Sigma; BDH) and 2.2 mM HoOo (Merck) in 50 mM sodium acetate 
buffer, pH 5.0 (cf. Van den Berg and Van Huystee 1984). The reaction was 
started by adding 10 ul of peroxidase solution to 2.99 ml of assay mixture. 
Activity was expressed as moles of HoOo consumed per sec at room tempera-
ture (katals), assuming that 4 moles of H2O2 are required for the formation 
of 1 mole tetraguaiacol (£mp\ = 26.6 at 470 nm; Chance and Maehly 1955). 
The amount of PRXa in mg was determined from its absorbance at 404 nm, 
using an estimated £ «. ^QA
 n m °f 107 and a molecular weight of 37 kD (Van 
den Berg and Van Huystee 1984). Small amounts of PRXa were determined using 
its specific peroxidase activity in the standard guaiacol assay. 
A range of alternative substrates c.q. inhibitors was also tested. 
Hydroquinone and benzoic acid (BDH) were dissolved in demi water. Salicylic 
acid (Sigma), 3-hydroxybenzoic acid (BDH), 4-hydroxybenzoic acid (Janssen), 
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o-pyrocatechuic acid (Janssen), ^ -resorcylic acid (Aldrich), jj-resorcylic 
acid (Aldrich), gentisic acid (Sigma), protocatechuic acid (Sigma), cinna-
mic acid (BDH), £-coumaric acid (Sigma), coniferyl alcohol (Boehringer) and 
IAA (Sigma) were dissolved in methanol. Phenol (Merck), catechol (BDH), 
pyrogallol (BDH), phloroglucinol (Sigma), resorcinol (Merck), vanillic acid 
(Fluka), syringic acid (Sigma), caffeic acid (Sigma) and ferulic acid 
(Sigma) were dissolved in NN-dimethylformamide (DMF)(Sigma). These solu-
tions were added to the standard guaiacol assay mixture or 50 mM sodium 
acetate buffer, pH 5.0, to obtain a final concentration of 2 mM after the 
addition of 10 pi PRXa solution. Neither methanol, nor DMF influenced the 
activity of PRXa in the guaiacol assay at the concentrations used. The 
increase in the absorbance at 470 nm measured in the absence of guaiacol 
was substracted from that measured in the presence of guaiacol, and the 
difference expressed as a percentage of the increase in the absorbance in 
the standard guaiacol assay. 
Malate dehydrogenase activity was determined as described previously 
(Hendriks £t£l. 1985a). 
Protein was determined according to Bradford (1976), using bovine 
gamma globulin as a standard. 
Electroforesis and isoelectric focusing 
Native Polyacrylamide gel electrophoresis (native PAGE) was performed 
essentially according to Davis (1964) and Polyacrylamide gel electrophore-
sis in the presence of sodium dodecyl sulphate (SDS-PAGE) according to 
Laemmli (1970). Alternatively, ready-made Phast system gels (Pharmacia) 
were used. Isoelectric focusing (IEF) of PRXa in the range pH 3.0-9.0 was 
performed on ready-made Phast system IEF-gels. Purified PRXa or apo-PRXa, 
obtained from PRXa by precipitation in 80?ó acetone containing 0.5% HCl 
(Shannon et al. 1966), were applied as a solution in demi water. Molecular 
weight and IEF markers were from Pharmacia. 
Staining for peroxidase activity was essentially as described by Van 
den Berg and Wijsman (1981). To 50 mg 3-amino-9-ethylcarbazole solubilized 
in 2.5 ml DMF, 97.4 ml 50 mM sodium acetate buffer, pH 5, and 100 /ul 30Ä 
H0O2 were added. Gels were submerged in this solution until bands appeared, 
and subseguently fixed in water:methanol:acetic acid (6.5:2.5:1). 
After SDS-PAGE proteins in the gels were fixed and stained in a mix-
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t u r e con ta i n i ng 30% methanol , 10% a c e t i c ac id and 0.01% Coomassie B r i l l i a n t 
B lue G 250 ( S e r v a ) . The g e l s were d e s t a i n e d i n 30% m e t h a n o l , 10% a c e t i c 
ac id . A f t e r i s o e l e c t r i c focus ing p r o t e i n s i n the ge ls were f i x e d w i t h 20% 
t r i c h l o r o a c e t i c ac id . A f t e r a wash i n 30% methanol,10% a c e t i c ac i d the ge ls 
were s ta ined and desta ined s i m i l a r l y as descr ibed f o r SDS-PAGE. 
Concanaval in A-5epharose a f f i n i t y chromatography 
P u r i f i e d PRXa (1 mg) was app l ied to a Concanaval in A (Con A)-Sepharose 
(Pha rmac ia ) co lumn (0.7 x 18 cm) e q u i l i b r a t e d w i t h 50 mM sodium a c e t a t e 
b u f f e r , pH 6.0, con ta i n i ng 0.5 M NaCl, ImM MnC^ , ImM MgC^ and 1 mM CaC^ 
( s t a r t i n g b u f f e r ) . The co lumn was e l u t e d w i t h t h e same b u f f e r a t a f l o w 
r a t e of 0.5 ml per min. F rac t i ons (3 ml) were c o l l e c t e d and the absorbance 
at 405 nm was determined. 
Absorp t ion spec t ra 
Absorp t ion spec t ra of n a t i v e PRXa, as w e l l as spec t ra obta ined a f t e r 
t h e a d d i t i o n o f HUOo or a s c o r b i c a c i d ( S i g m a ) , were r e c o r d e d on a doub le 
beam Perk in Elmer spectrophotometer at room temperature i n cuvet tes (1 cm 
l i g h t p a t h ) c o n t a i n i n g 3 ml o f a PRXa s o l u t i o n i n 50 mM sodium a c e t a t e 
b u f f e r , pH 5.0. 
Absorp t ion spec t ra of the products formed from hydrogen donors by PRXa 
a c t i o n were recorded s i m i l a r l y . The r e a c t i o n s were stopped by adding 10 pi 
10 mM KCN. 
Results 
Extraction 
In petunia cv. Roter Vogel stems and leaves contained similar activi-
ties of total water-extractable peroxidase, but in extracellular extracts 
from stems less peroxidase activity was present as compared to leaves 
(Table 1). Three extracellular extracts obtained sequentially from the same 
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Table 1. Extraction of water-soluble peroxidase from stems and leaves of 
petunia cv. Roter Vogel. Stem pieces (8 cm long) and whole leaves were 
taken from plants of about 5 months old. After the extracellular extracts 
had been obtained by the vacuum infiltration method, the remaining tissue 
was extracted in water (see Materials and Methods). Peroxidase activities 
are expressed per 100 g fresh weight of tissue. 
Extract Peroxidase activity 
|jkat 
Stems Extracellular extract 





Total extracted 118 100 
Leaves Extracellular extract 





Total extracted 131 100 
leaves together accounted for 37% of the water-soluble peroxidase activity 
(Table 2). Upon extraction of the remaining leaf tissue with 0.5 M NaCl the 
total peroxidase activity recovered was about 20 % higher than the total 
water-soluble peroxidase activity (Table 2), indicating that in leaves of 
cv. Roter Vogel most peroxidase activity is water-soluble. More than 90!K of 
the peroxidase activity obtained by the vacuum infiltration method was 
present in the first two extracellular extracts (Table 2). As shown in 
Table 3, these two extracts together contained slightly more than 1% of the 
water-extractable protein and less than 0.5% cytoplasmic contamination as 
judged from malate dehydrogenase activity. Both protein content and malate 
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dehydrogenase activity in the extracellular extracts were only one-sixth of 
the values reported previously (6% and 3%, respectively, Hendriks et al. 
1985). This was accomplished by reducing the centrifugal force from 1000 x 
g to 200 x £ (cf. Van den Berg and Van Huystee 1984). However, at least as 
much peroxidase activity was recovered by this method. Whereas the total 
water-soluble peroxidase activity increased with plant age (cf. Tables 1, 2 
and 3), the percentage present in the extracellular extracts from fully-
-expanded leaves was virtually constant. 
Table 2. Extraction of peroxidase from leaves of petunia cv. Roter Vogel. 
Non-senescing leaves (100 g fresh weight) from plants of about 4 months old 
were used. Extracellular extracts were obtained by the vacuum infiltration 
method and the remaining tissue was extracted in water or 0.5 M NaCl (see 
Materials and Methods). 
Extract Peroxidase activity 
pkat 
1st Extracellular extract 17.1 26 
2nd Extracellular extract 5.3 8 
3rd Extracellular extract 2.1 3 
Total extracellular 24.5 37 
Remaining tissue, water soluble 41.9 63 
Total extracted, water soluble 66.4 100 
Total extracellular (see above) 24.5 31 
Remaining tissue, 0.5 M NaCl soluble 53.4 69 
Total extracted 77.9 100 
43 
Table 3. Extraction of water-soluble peroxidase from leaves of petunia cv. 
Roter Vogel. Non-senescing leaves (100 g fresh weight) from plants of about 
3 months old were used. After the ext racel lu lar extracts had been obtained 
by the vacuum i n f i l t r a t i o n method, the leaves were homogenized i n water 
(see Materials and Methods). 
Extract Protein 
mg 
Peroxidase ac t i v i t y 
jukat SA 1) 
Malate dehydrogenase 
activity 
pkat SA 1) 
1st Extracell Extract 
2nd Extracell Extract 
Total Extracellular 


































1717 100 49.4 100 0.03 38.6 100 0.022 
1) SA = specif ic ac t i v i t y ( jjkat/mg protein) 
Pur i f i ca t ion 
A typical experiment in which PRXa was purified from extracellular 
extracts of leaves from 3-months-old plants, is outlined in Table 4. Com-
pared to the peroxidase activity in the combined extracellular extracts, a 
56-fold purification was obtained. Together with the 24-fold purification 
achieved by using the extracellular extract (Table 3), PRXa was purified 
well over 1300 times from the total water-soluble peroxidase activity. 
Typical elution profiles obtained by gel filtration of acetone-precipitated 
extracellular extracts and subseguent chromatofocusing of the peroxidase-
containing fractions are shown in Figure 1. 
The purity of the PRXa preparation after chromatofocusing was apparent 
from the constancy of the high RZ of 3.6 in all fractions containing PRXa 
(Fig. lb; see also the absorbance spectrum in Fig. 5). The same applied to 
all fractions obtained after gel filtration of the purified enzyme (Fig. 
2). Further proof of the purity of PRXa was obtained after electrophoresis: 
no contaminating proteins were found upon either SDS-PAGE or IEF (Fig. 3). 
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Table 4. I s o l a t i o n and p u r i f i c a t i o n of PRXa f r o * e x t r a c e l l u l a r e x t r a c t s 
from leaves of petunia cv. Roter Vogel. Non-senescing leaves f rom p l a n t s o f 
about 3 months o l d were e x t r a c t e d t w i c e by the vacuum i n f i l t r a t i o n method 
and PRXa was i s o l a t e d f rom e x t r a c e l l u l a r e x t r a c t s as o u t l i n e d i n M a t e r i a l s 
and Methods. 
Fract ion Prote in Peroxidase a c t i v i t y 
Ex t race l l u la r Extract 
1st Acetone p rec ip i t a te ' 
2nd Acetone p rec ip i t a te ' 
G e l f i l t r a t i o n f rac t ions 





































1) SA = spec i f i c a c t i v i t y ( yukat/mg p r o t e i n ) . 
' Resuspended i n 50 mM sodium acetate, pH 5.0. 
3 ) Resuspended i n 20 mM Tr is -HCl , pH 8.0. 
Phys ico-chemica l p r o p e r t i e s 
Molecular weight and i s o e l e c t r i c p o i n t 
To determine the molecu lar weight and i s o e l e c t r i c p o i n t s of PRXa h o l o -
enzyme and apopro te in , p u r i f i e d PRXa was t r e a t e d w i t h 80SS acetone and 80& 
acetone con ta in i ng 0.5% HCl, r e s p e c t i v e l y . A f t e r the f i r s t t rea tment a r e d -
brown p r e c i p i t a t e was ob ta ined , whereas the l a t t e r t rea tment r e s u l t e d i n a 
wh i t e p r e c i p i t a t e , i n d i c a t i n g t h a t the heme group was l o s t from the enzyme 
(Shannon e t a l . 1966) . 
The appa ren t m o l e c u l a r w e i g h t s o f t h e ho loenzyme and a p o p r o t e i n , as 
d e t e r m i n e d by g e l f i l t r a t i o n and SDS-PAGE, were b o t h about 37 kD ( F i g s . 2 
and 3 A,B) . However , upon SDS-PAGE a b road p r o t e i n band was o b t a i n e d r e -
l a t e d t o the occurrence of th ree molecular fo rms. 
Upon c h r o m a t o f o c u s i n g PRXa was e l u t e d a t about pH 4.8 ( F i g . l b ) . 
D e t e r m i n a t i o n o f t h e i s o e l e c t r i c p o i n t by means o f IEF showed a s i n g l e 
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Fig. 1. Purification of PRXa from extracellular extracts from leaves of 
petunia cv. Roter Vogel. A Gel filtration on Sephadex G100 of the proteins 
in extracellular extracts from leaves of 6-months-old leaves after the 
second acetone precipitation step. B Subsequent chromatofocusing of the 
peroxidase-containing fractions 34 - 43 from A. 
molecular forms of PRXal have the same isoelectric point. IEF of PRXa 
apoprotein yielded one major band with a pi of 4.5 (Fig. 3 C,D). A minor 
band at pH 4.1 probably corresponded to a product with an apparent molecu-
lar weight of 27 kD, formed as a result of the treatment with acid 
acetone (Fig. 3 A). Apparently, PRXa becomes unstable when the heme group 
is removed. 
Concanavalin A-Sepharose affinity chromatography 
Affinity chromatography of purified PRXa on a Con A-Sepharose column 
yielded three fractions upon elution with the starting buffer (Fig. 4). 
Electrophoresis of these fractions showed that each peak corresponding to 
one of the three molecular forms of PRXal (Fig. 4,insert): Peak I, eluting 
in the void volume, contained PRXal.3, whereas the retarded peaks II and 
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Ill contained PRXal.2 and PRXal.l, respectively. Thus, the three forms 
differed in their affinity for Con A, indicative of differences in their 
carbohydrate moieties. However, even though PRXal.l and PRXal.2 interacted 
with Con A, they were eluted with the starting buffer, demonstrating that 
the affinity of their carbohydrate groups is quite weak. In the presence of 
0.5 M mannose or glucose in the starting buffer all forms of PRXa were 
eluted as a single peak in the void volume (not shown). As shown in Figure 
4, upon electrophoresis each molecular form of PRXa again showed additional 
bands. These bands were never resolved by any of the other separation 
methods employed. The bands had slightly different positions in the gel as 
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Fig. 2. Gel filtration of purified petunia PRXa and determination of its 
molecular weight. About 1 mg purified PRXa was applied to a Sephadex G100 
column (I x 100 cm) equilibrated with 0.1 M Tris-HCl, pH 8.0, and cali-
brated with blue dextran 2000 (1), bovine serum albumin (2: MW 67 kD), 
ovalbumin (3: MW 43 kD) and cytochrome c (4: MW 12 kD). A Absorbancy 
profiles at 280 and 404 nm of peroxidase and .... marker proteins. B 
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Fig. 3. SDS-PAGE and IEF of purified PRXa and its apoprotein and the 
determination of their molecular weights and isoelectric points. Petunia 
PRXa was precipitated with 80% acetone or.80SS acetone containing 0.5% HCl, 
yielding the holoenzyme and apoprotein, respectively. A SDS-PAGE: lane 1 
holoenzyme, lane 2 apoprotein, lane 3_ molecular weight markers: Phosphory-
lase b (94 kD), bovine serum albumin (67 kD), catalase (60 kD), ovalbumin 
(43 kD), lactate dehydrogenase (36 kD), carbonic anhydrase (30 kD), trypsin 
inhibitor (20.1 kD), ferritin (18.5 kD) and «-lactalbumin (14.4 kD). B 
Determination of apparent molecular weights of holoenzyme and apoprotein 
(o). C IEF: lane 1 holoenzyme, lane 2 apoprotein, lane 3 IEF marker pro-
teins: amyloglucosidase (pi 3.5), soybean trypsin inhibitor (pi 4.55), ç-
lactoglobulin A (pi 5.2), bovine carbonic anhydrase B (pi 5.85), human 
carbonic anhydrase B (pi 6.55), horse myoglobin acidic band (pi 6.85) and 
basic band (pi 7.35), lentil lectin acidic band (pi 8.15), middle band (pi 
8.45) and acidic band (pi 8.65). The additional product obtained after acid 
acetone precipitation of PRXa is also indicated (x). D Determination of 
isoelectric points of (o) holoenzyme and (A) apoprotein. SDS-PAGE (12.5% 
gel) and IEF (5% gel, pi 3-9) were performed using Phast system ready-made 
gels. Proteins were stained with Coomassie brilliant blue. About 1.0/jg 
PRXa holoenzyme and apoprotein (determined before acetone precipitation), 
0.2-0.5 ug of each of the molecular weight markers, and 0.1-0.2 ug of each 
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Fig. 4. Concanavalin A-Sepharose aff ini ty chromatography of purified petu-
n ia PRXa. One mg PRXa was appl ied to a Con A-Sepharose column and e lu ted 
w i t h s t a r t i n g bu f fe r (see Ma te r i a l s and Methods fo r more d e t a i l s ) . The 
i n s e r t shows a na t i ve 12.5 % Polyacrylamide gel s ta ined fo r peroxidase 
ac t i v i t y af ter electrophoresis of 10 jul of f rac t ion 3, 20 u l of f rac t ion 6 
and 50 ^J1 of f r a c t i o n 21. lane 1 peak I , lane 2 peak I I , and lane 3 peak 
I I I . 
Spectral analysis 
The absorption spectrum of native PRXa is shown in Figure 5. It is 
characterized by a Soret maximum at 404 nm and absorption maxima in the 
visible region at 496 and 636 nm. 
Upon addition of H2O2 to freshly purified PRXa, the spectrum of the 
native enzyme changed to spectra similar to those of Compound II or III of 
HRP, depending on the molar ratio of H202 to PRXa (Fig. 6, Table 5). The 
changes in the spectrum after the addition of 1 mole equivalent of HUOo 
were gradually reversed upon standing for 2 h, or instantaneously (i.e. 







600 \ (nm) 
Fig. 5. Absorption spectrum of native petunia PRXa. The spectrum was ob-
tained from 1 mg PRXa in 50 mM sodium acetate buffer, pH 5.0, at room 
temperature (22 °C). 
Storage of PRXa led to different changes. The spectrum of the native 
enzyme was not changed, but upon the addition of 1 mole equivalent of Ho0? 
it changed to a spectrum similar to that of Compound I of HRP (Fig. 7, 
Table 5). Stepwise addition of 1 mole equivalents of H202 led to a further 
gradual decrease of the intensity of the Soret absorption maximum and 
several changes in the visible region (Fig. 7). After the addition of 10 
mole equivalents of H2O2 the intensity of the maximum at 404 nm was only 
about 40 % of that of the native PRXa. This spectrum was similar to that 
described for HRP Compound IV (Nakajima and Yamazaki 1980) and remained 
stable: no changes were observed upon prolonged incubation at 4°C. Upon the 
addition of another 10 mole equivalents of H?02, the spectrum changed 
further to that of Compound III (Fig. 7). More H202 resulted in a decrease 
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Fig. 6. Changes in the absorption spectrum of freshly purified PRXa upon 
addition of H^O^» The spectra were obtained as in Fig. 5. The solid line 
represents the spectrum of 0.75 mg native PRXa, freshly purified. The 
dotted line is the spectrum obtained after the addition of 1 mole equiva-
lent of HoOo» and the broken line after the addition of 20 mole equivalents 
of H 20 2. 
Catalytic properties 
Specific activity 
Using guaiacol and hydrogen peroxide as substrates the pH optimum for 
PRXal activity was found to be pH 5.0 (cf. Van den Berg and Van Huystee 
1984). The specific activity of PRXa in the conversion of guaiacol to 
tetraguaiacol was 61 mkat/g protein, either when calculated directly from 
the amount of protein present, or based upon the absorbance at 404 nm, 
using a e ^  of 107 and a molecular weight for the enzyme of 37 kD (Table 4). 
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Table 5. Absorption maxima of PRXa and its Compounds I, II, III and IV. 
Absorption maxima were determined from spectra of purified PRXa in 50 mM 
sodium acetate buffer, pH 5.0, after the addition of the indicated amounts 
of H 20 2 (see also Figs 5, 6 and 7). 
PRXa redox state H202 added Absorption maxima (nm) 
(mole equivalents) 
Native PRXa1'2 - 404 496 636 
Compound I2 1 404 536 560 604 658 
Compound II1 1 418 528 552 658 
Compound III1'2 20 414 548 580 676 
Compound IV2 10 404 554 676 
Spectrum obtained from freshly purified PRXa 
Spectrum obtained from stored purified PRXa (5 months, -20°C). 
Some of the kinetic parameters of PRXa in this reaction were deter-
mined according to the equations as given by Chance and Maehly (1955) for 
HRP with the substrate AH as the electron donor: 
kl 
PRX + H202 > Compound I 
k7 
Compound I + AH >• Compound II + A' 
k4 
Compound II + AH =»• PRX + A* + H20 
[PRX] 
1 (|<7 » k4). 
k1[H202]+ k4[AH] 
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Rewriting the las t equation as 
[PRX]_ 
k1[H202] k4[AH] 
reveals that plotting [PRX]/V versus 1/[H202] or 1/[AH] (l/[guaiacol] ) gives 
straight lines with slopes of l/k, or 1/k*, respectively. 
For PRXa, at each given concentration of either guaiacol or HoCU, 
straight lines were only obtained for a restricted range of concentrations 
of the other substrate (Fig. 8). When keeping [HoCU] constant, the apparent 
inhibition at higher concentrations of guaiacol (Fig. 8a) must, at least in 
part, be attributed to H 20 2 becoming limiting. On the other hand, when 
keeping [guaiacol] constant, the increased activity at higher tUCU concen-
trations (Fig. 8b) is evidence that the limitation by l-UCU has been over-
come. Extrapolation of the straight part of the lines gives intersections 
with the ordinate at l/k4 [guaiacol]for the lines with the slope 1/k,, and 
at 1/k, [H202Jfor the lines with the slope 1/k^. When the ordinate inter-
sections were plotted as a function of the inverse of the substrate concen-
trations at which they were obtained, straight lines with the slopes 1/ki 
or l/ki emerged (Fig. 8a,b). From these results it was calculated that for 
PRXal k2 = 2.6 x 106 M_1.s-1 and k4 = 1.9 x 106 M_1.s-1. 
Competitive inhibition 
Various aromatic compounds were tested for their ability to interfere 
with the peroxidation of guaiacol by functioning either as competing sub-
strates or as competitive inhibitors (Table 6). During the reaction with 
PRXa and H 20 2 some of these compounds yielded coloured products in the 
presence and absence of guaiacol. Most of the H-donors are well known 
peroxidase substrates (Gaspar et_ al. 1982), and their contribution to the 
absorbance at 470 nm during the guaiacol peroxidase assay was corrected for 
as described in Materials and Methods. 
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1/tguaiacol] (mM~1 ) 
0.4 08 1.2 
1/[H202] (mM"1) 
Fig. 8. Determination of the reaction constants kA and k^ for the PRXa-
catalyzed conversion of guaiacol and hydrogen peroxide. PRXa (0.78 x 10"9 
M) was incubated with guaiacol and H202 in 50 mM sodium acetate buffer, pH 
5.0, at room temperature (22°C). A Plots of [PRXa]/V vs 1/[guaiacol] at the 
H202 concentrations used in B, B Plots of [PRXa]/V vs 1/[H202]at the 
guaiacol concentrations used in A . The closed symbols represent the deter-
mined steady state rates, the open symbols are the deduced steady state 
rates, obtained in A by plotting the intersections of the ordinate shown in 
B, and in B those shown in A. 
All tested compounds containing more than one H-donating group were 
inhibitory. Pyrogallol and phloroglucinol, each containing three hydroxyl-
groups, completely inhibited the guaiacol assay. The inhibition by the di-
hydroxylated derivatives of benzene and the corresponding benzoic acids 
depended on the position of the hydroxyl groups. When in the para configu-
ration inhibition was strongest and up to 100 %, as demonstrated for hydro-
quinone and gentisic acid. In the ortho configuration, as in catechol, 
2,3-dihydroxybenzoic, protocatechuic and caffeic acid, inhibition varied 
between 70 and 80 %. The least inhibitory effect, 20 - 40 %, was obtained 
when the hydroxyl groups were in the meta configuration, as in resorcinol 
and in (J- and 5-resorcylic acid (Table 6). During incubation with resor-
cinol the inhibition increased from about 30 % up to about 90 %, apparent-
ly due to the formation of a more inhibitory product. 
Cinnamic acid, although lacking H-donor capacity, inhibited the guaia-
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Table 6. I n h i b i t i o n o f g u a i a c o l p e r o x i d a t i o n by PRXa i n the presence o f 
v a r i o u s a r o m a t i c c o m p o u n d s . The compounds l i s t e d w e r e t e s t e d a t a c o n c e n -
t r a t i o n o f 2 mM f o r t h e i r i n t e r f e r e n c e w i t h t h e o x i d a t i o n o f g u a i a c o l (4 .5 
mM) b y PRXa i n t h e p r e s e n c e o f HUCU ( 2 . 2 mM) i n 50 mM s o d i u m a c e t a t e 
b u f f e r , pH 5 . 0 , a t r o o m t e m p e r a t u r e ( 2 2 ° C ) . The r e a c t i o n s w e r e s t a r t e d by 
t h e a d d i t i o n o f PRXa ( 0 . 2 6 x 1 0 " 9 M ) . A d d i t i o n o f a f u r t h e r 2 mM g u a i a c o l 
d i d n o t change t h e r e a c t i o n v e l o c i t y , i n d i c a t i n g t h a t t h e c o n c e n t r a t i o n o f 
HoOo was l i m i t i n g . 






1 ,2 ,3 -T r ihyd roxybenzene 
1 ,3 ,5 -T r ihyd roxybenzene 
Benzenecarboxy l i c a c i d 
2 -Hydroxybenzenecarboxy l i c a c i d 
3 -Hydroxybenzenecarboxy l i c a c i d 
4 -Hydroxybenzenecarboxy l i c a c i d 
2 ,3 -D ihyd roxybenzeneca rboxy l i c a c i d 
2 ,4 -D ihyd roxybenzeneca rboxy l i c a c i d 
2 ,5 -D ihyd roxybenzeneca rboxy l i c a c i d 
2 ,6 -D ihyd roxybenzeneca rboxy l i c a c i d 
3 ,4 -D ihyd roxybenzeneca rboxy l i c a c i d 
4 -Hydroxy-3-methoxybenzenecarboxy l i c a c i d 
4 -Hydroxy -3 ,5 -d ime thoxybenzenecarboxy l i c a c i d 
3 - (Pheny l )p ropeno i c a c i d 
3 - (4 -Hyd roxypheny l )p ropeno i c a c i d 
3 - ( 3 , 4 - D i h y d r o x y p h e n y l ) p r o p e n o i c a c i d 










































3- (4 -Hydroxy -3 -methoxypheny l )p ropeno l 
I n d o l y l - 3 - a c e t i c ac id (IAA) 
C o n i f e r y l a l c o h o l 100 
Aux in 85-100 1) 
1) During the reaction these compounds gave rise to further inhibitory 
products. The first percentage listed is the inhibition at the start of the 
reaction, the second the final inhibition obtained until no further change 
was observed. 
2) From vanillic acid a product absorbing at 470 nm was formed. 
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col assay by about 30 % (Table 6). This observation suggests that PRXa has 
some preference for H-donors derived from cinnamic acid. In accordance with 
this hypothesis, p-coumaric acid inhibited the guaiacol assay by about 40 
%, whereas phenol was only slightly inhibitory and the monohydroxylated 
benzoic acid derivatives were not inhibitory at all (Table 6). The cinnamic 
acid derivatives ferulic acid and coniferyl alcohol inhibited about 80 and 
100 %, respectively, whereas the corresponding benzoic acid derivative, 
vanillic acid, did not seem to be inhibitory (Table 6). 
The auxin IAA strongly inhibited the peroxidation of guaiacol in the 
present assay (Table 6). Apparently, PRXa has a higher affinity for IAA 
than for guaiacol. The increase in inhibition from 85 to 100 % during the 
reaction suggests that IAA was being oxidized. According to Van den Berg et 
al. (1983b) PRXa oxidized IAA only in the presence of H2O2, but did not 
function as an auxin oxidase in the absence of hUOo. 
Coniferyl alcohol as a substrate of PRXa 
Coniferyl alcohol is a precursor of lignin (Higuchi 1981). Since it 
fully blocked the peroxidation of guaiacol by PRXa, its interaction with 
the enzyme was analyzed in more detail. In the presence of PRXa, coniferyl 
alcohol was polymerized to a light-scattering product, as evidenced by an 
increase in the absorbance at 620 nm. A lag time was observed, probably 
corresponding to the time needed for the formation of sufficiently large 
lignin-like polymers. Increasing the concentration of either coniferyl 
alcohol or H0O2 shortened this lag time (Fig. 9). On the other hand, 
product formation showed an optimum dependent on the concentration of both 
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Fig. 9. Coniferyl alcohol as a substrate for petunia PRXa. PRXa (0.17 x 10" 
M) was incubated with coniferyl alcohol and H202 in 50 mM sodium acetate 
buffer, pH 5.0, at room temperature (22°C). Polymerization of coniferyl 
alcohol was followed by the increase in the absorbance at 620 nm.min-1. A 
The effect of the coniferyl alcohol concentration in the absence (0) or 
presence of three different H202 concentrations (0.8, 1.7 and 3.4 mM). The 
effect of the H202 concentrations on (B) the lag time before reaching the 
steady state rate and (C) the rate of polymerization of 2 mM coniferyl 
alcohol. 
Discussion 
The procedure used here for the purification of petunia PRXa from 
extracellular extracts from leaves is more elaborate than the method de-
scribed previously for the purification of PRXa from stem tissue (Van den 
Berg and Van Huystee 1984). Leaves were chosen because for petunia cv. 
Roter Vogel more peroxidase was extracted with the vacuum infiltration 
method from leaves than from stems. In addition, both leaf and stem extra-
cellular extracts from this petunia cultivar contained contaminating pro-
teins which were not removed by applying the earlier method, and instead of 
anion-exchange chromatography, gel filtration and chromatofocuslng were re-
guired. As a result, the purified PRXa was obtained in larger guantities 
and had a higher specific activity than the PRXa isolated previously (Van 
den Berg and Van Huystee 1984, Van den Berg et a^ . 1984c). 
Although petunia PRXa is the product from a single gene, i.e. a true 
isoenzyme, three molecular forms of the enzyme were distinguished by acti-
vity staining on native Polyacrylamide or starch gels. Although slight 
differences in the charge of these three molecular forms seemed to occur 
after anion-exchange chromatography at pH 8.0 (Van den Berg and Van Huystee 
1984), they showed the same pi after IEF. On the other hand, Con A-Sepha-
rose affinity chromatography indicated that the molecular forms of PRXa 
differ in their carbohydrate moiety, suggesting that the three forms may 
orginate from a single translation product through differential glycosyla-
tion. The heterogeneity of each form, observed upon electrophoresis after 
they had been separated, remained unnoticed thus far, because the positions 
of the additional bands are only slightly different from the main bands. 
The nature of this heterogeneity is unknown. 
Spectral analysis of PRXa indicated that its redox states closely 
resemble those reported for HRP (Dunford and Stillman 1976, Nakajima and 
Yamazaki 1980). In the normal peroxidase reaction only the native enzyme 
and its Compounds I and II are involved in catalysis. Compound I is formed 
from eguimolar amounts of peroxidase and HoOo ar|d involves a change in the 
redox state of the iron in the heme group. The reaction of Compound I with 
an eguivalent amount of H-donor gives rise to Compound II, after which 
further reaction produces the reaction products and returns the peroxidase 
to its native or resting state. Freshly purified PRXa is in the native 
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state but upon the addition of 1 mole equivalent of h^O? gives rise to 
Compound II rather than Compound I. Thus, freshly isolated enzyme probably 
contains an endogenous H-donor responsible for the change of the spectrum 
to that typical for Compound II, as has been reported similarly for HRP 
(Change 1949), and this endogenous H-donor is lost upon storage in the 
cold. Probably the loss of the endogenous H-donor is also responsible for 
the easy formation of PRXa Compound IV, also known as verdohemoprotein. For 
HRP it was reported that this compound was formed only upon the addition of 
large amounts of various peroxides or during the oxidation of IAA under 
aerobic conditions (Nakajima and Yamazaki 1980). According to Nakajima and 
Yamazaki (1980) in the latter case the irreversible formation of HRP Com-
pound IV occurs during the reaction of HRP with a hydroperoxide derived 
from IAA during the IAA oxidase reaction. Nonetheless, Compound IV is not 
usually included in the scheme of peroxidase redox states (Yamazaki and 
Nakajima 1986). Our results suggest that PRXa Compound IV is converted to 
Compound III prior to degradation of the enzyme. As to the physiological 
significance of PRXa Compound IV, it is recalled that PRXa is unlikely to 
function as an auxin oxidase (Van den Berg et al. 1983b), and that in situ 
PRXa apparently contains an endogenous H-donor which would prevent forma-
tion of Coumpound IV. The relevance of PRXa Compound III formation, if any, 
remains to be established. 
It has been attempted to relate the H-donor specificities of HRP isoen-
zymes to their substrate-dependent rate constant k^ . However, Paul and 
coworkers were unable to derive a simple relationship between the affinity 
of HRP C2 and A2 and H-donors, and the rate constants k* (Marklund et al. 
1974, Paul and Ohlsson 1978). According to Hosoya et^  jü. (1983) there is 
a correlation between k* and the energies of the highest occupied molecular 
orbital (HOMO) of H-donors, suggesting that the transfer of an electron 
from the HOMO of the H-donors to the heme group of the enzyme is rate limi-
ting in the overall rate of reaction. Good correlations, however, were 
obtained only for compounds within single homologous series, such as cate-
chol (o-dihydroxybenzene), resorcinol (m-dihydroxybenzene and hydroquinone 
(p-dihydroxybenzene), indicating that other factors also contribute 
(Hosoya et al. 1983). For the HRP isoenzymes the reaction constant k* was 
found to increase in the order resorcinol - catechol - hydroquinone (Mark-
lund et_ al. 1974). In our analysis of the H-donor specificity of PRXa, the 
same order was evident for the increase in the inhibition of the standard 
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guaiacol assay by these homologous compounds, as wel l as by the homologous 
dihydroxy-derivatives of benzoic acid. 
PRXa has a par t icu lar a f f i n i t y towards cinnamic acid derivatives and 
i t readi ly polymerizes coni fery l a l coho l , a precursor of l i g n i n (Higughi 
1981). S im i l a r p rope r t i es have been a t t r i b u t e d to the proposed l i g n i n 
peroxidase in tobacco (Mäder et^  al^. 1986). Because PRXa i s local ized in the 
c e l l wal l compartment, i t i s tempting to conclude that i t functions as an 
aromatic alcohol polymerase in l i gn in and/or suberin synthesis or in i n -
creasing the r i g i d i t y of c e l l wa l l s by forming d i f e r u l i c br idges (Fry 
1986). Although PRXa i s v i r t u a l l y absent from roots (Van den Berg and 
Wijsman, 1981, Van den Berg e_t al_. 1984b), roots contain peroxidase isoen-
zymes tha t may f unc t i on i n t h i s organ as PRXa does i n shoots. A l t e r n a -
t i v e l y , PRXa may not be involved in these processes during normal develop-
ment but function to r i g i d i f y c e l l wal ls in response to aer ia l b i o t i c and 
abiot ic stresses (Van Loon 1986). 
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Chapter 5 
Antigenic relationships between petunia peroxidase a 
and specific peroxidase isoenzymes in other Solanaceae 
Theo Hendriks, Anke de Gong, Henri J.W. Wijsman and Leendert C. van Loon 
Department of Plant Physiology, Agricultural University, 
Arboretumlaan 4, 6703 BD Wageningen, The Netherlands 
Abstract 
A highly specific rabbit antiserum raised against PRXa from petunia 
(Stimoryne hybrida (Hook.) Wijsman) was used to investigate the antigenic 
relatedness of peroxidases in the Solanaceae. After SDS-PAGE of crude leaf 
extracts from a large number of species of this family, immunoblotting 
revealed that cross-reacting protein bands were present in all species 
tested. In order to determine whether these protein bands represent peroxi-
dases, the peroxidase isoenzymes in thorn-apple (Datura stramonium L.), 
tobacco (Nicotiana tabacum L.), sweet pepper (Capsicum annuum L.), potato 
(Solanum tuberosum L.) and tomato (Lycopersicon esculentum Mill.) were 
further analyzed. Immunoblots obtained after native PAGE revealed that the 
antiserum only recognized fast-moving peroxidase isoenzymes that are loca-
lized in the apoplast. Despite their serological relatedness, these peroxi-
dases differed with respect to heat stability and apparent molecular 
weight. Differences in avidity for the petunia PRXa antiserum were sugges-
ted by immunoprecipitation with antibodies bound to protein A-Sepharose. 
The antiserum did not react with peroxidases from horseradish (Armoracea 
rusticana Gaertn., Mey and Scherb), turnip (Brassica napus L.), African 
marigold (Tagetes cresta L.), maize (Zea mays L.) and oats (Avena sativa 
L.). Apparently, the Solanaceae contain orthologous genes encoding the 
fast-moving anionic peroxidases homologous to petunia PRXa. 
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Introduction 
The peroxidase system in plants consists of multiple isoenzymes 
thought to function in growth, differentiation and defence. Based on dif-
ferences in substrate specificities, it has been assumed that anionic 
peroxidases function in cell wall fortification, whereas basic peroxidases 
are involved in the oxidation of the auxin indoleacetic acid (Gaspar et_ 
al. 1982, Greppin et^  al_ 1986). However, these generalizations are based on 
scattered data derived from many plant species, and the extent of struc-
tural and functional relatedness of these peroxidases is far from clear. 
The limited amino acid-sequence data available indicate that peroxidases 
from different plant species may be about 403S-60SÏ homologous (Welinder 
1985, Lagrimini et al. 1987, Roberts et al.1988). Much higher homologies 
(up to 90% or more) are found around the two histidine residues involved in 
the binding of the heme group, as well as in some other regions of the 
protein. Alignment of the amino acid sequences of the peroxidases from 
horseradish (Welinder 1979), turnip (Mazza and Welinder 1980), tobacco 
(Lagrimini et al. 1987) and potato (Roberts et^ al. 1988) shows conserved 
carbohydrate attachment sites and disulphide bridge-forming cysteine resi-
dues, indicative of similar tertiary structures (Welinder 1985). Antisera 
raised against peroxidase isoenzymes from horseradish (Barkardjieva and 
Georgiev 1977, Conroy et_ al. 1982, Clark and Conroy 1984, Conroy 1986, 
Bernardini et al. 1986), peanut (Cairns et al. 1980, Van Huystee and Maldo-
nado 1982, Chibbar et ah. 1984), flax (Gaudreault et_ jd. 1986) and tobacco 
(Lagrimini et_ al. 1987) have been found to cross-react with various peroxi-
dases from the same or other plant species. These immunological studies 
also indicated that acidic peroxidases are more related to each other than 
to basic peroxidases, and vice versa (Conroy 1986). 
In petunia (Stimoryne hybrida (Hook.) Wijsman, cf. Wijsman and De Jong 
1985, but see Wijnands et al. 1986) the fast-moving anionic peroxidase 
isoenzyme, PRXa, seems to be a representative of a group of fast-moving 
anionic peroxidases present in the Solanaceae family. In petunia, tobacco, 
thorn-apple, potato and tomato, these enzymes have similar electrophoretic 
mobilities , display similarly heterogeneous patterns and variation there-
in on zymograms, as well as biochemical properties, and show corresponding 
developmental expression, organ specificity and cellular location (cf. Van 
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den Berg and Wijsman 1981, Van den Berg et a l . 1982, Van den Berg and Van 
Huystee 1984, Hendriks et a l . 1985, Wijsman and Hendriks 1986, and l i t e r a -
ture c i ted therein). These s i m i l a r i t i e s prompted us to further investigate 
the extent of homology of these peroxidases in the Solanaceae, by determi-
ning the i r antigenic re lat ionship to petunia PRXa. 
Materials and Methods 
Plant material 
The various plant species used and the i r growing conditions are l i s ted 
in Table 1. In each case mature, f u l l y expanded leaves were harvested and 
used ei ther immediately or after storage at -80°C. 
Protein extract ion 
Water-soluble e x t r a c e l l u l a r p ro te ins were extracted from leaves (or 
lea f par ts ) by the vacuum i n f i l t r a t i o n method, as described i n d e t a i l 
elsewhere (Hendriks at a l . 1989). For potato only, the i n f i l t r a t e d demine-
r a l i z e d (demi) water was cen t r i f uged from the l e a f l e t s at 750 x g_ ra ther 
than the usual 200 x g. 
To ex t rac t t o t a l wa te r -so lub le p ro te i ns , leaves or remaining lea f 
t issue (after vacuum i n f i l t r a t i o n ) were ground with ac id-pur i f ied sea sand 
i n a mortar w i t h a pes t le i n 1-2 ml of demi water per g f resh weight of 
t issue. The homogenate was f i l t e r e d through three layers of gauze and the 
f i l t r a t e was centrifuged for 15 min at 16,800 x g_. 
Prote ins in the e x t r a c e l l u l a r ex t rac t s and in the supernatants of 
crude or remaining tissue extracts were precipi tated overnight in 80% ace-
tone at -20°C. After low speed centr i fugat ion, pe l le ts were washed with 
100 % acetone and solubi l ized in 50 mM sodium acetate buffer, pH 5.0. 
A prepara t ion of horseradish peroxidase (HRP) was purchased from 
Calbiochem. 
Determinations of peroxidase activity and protein content 
Peroxidase activity was determined by following the increase in the 
absorbance at 470 nm in the presence of 2.2 mM hydrogen peroxide and 4.5 mM 
guaiacol in 50 mM sodium acetate buffer, pH 5.0, and is expressed as the 
number of moles of hydrogen peroxide consumed per sec (katals) (Hendriks 
et al. 1989). Protein content was determined according to Bradford (1976), 
using bovine gamma globulin as a standard. 
Gel electrophoretic analysis 
Starch gel electrophoresis was performed as described for the separa-
tion of the anionic and cationic peroxidase isoenzymes of petunia (Van den 
Berg and Wijsman 1981). In subsequent experiments the anionic peroxidases 
were separated in 12.5% Polyacrylamide gels in the absence (native PAGE; 
Davis 1964) or in the presence of 0.1% sodium dodecyl sulphate (5DS-PAGE; 
Laemmli 1970). 
Peroxidase isoenzymes on gels were visualized by activity staining 
using hydrogen peroxide and either 3-amino-9-ethylcarbazole (Van den Berg 
and Wijsman 1981) or guaiacol as the hydrogen donor, at pH 5.0. Proteins 
were fixed and stained in a mixture containing 45 % methanol, 9 % acetic 
acid and 0.25 % Coomassie Brilliant Blue G 250 (Serva), after which the 
gels were destalned in 5% methanol, 7% acetic acid. 
Preparation of antiserum against petunia PRXa 
Petunia PRXa was purified from the leaves of the petunia cultivar Roter 
Vogel (line R27) (Hendriks et^  al. 1989). A New Zealand white rabbit was 
injected subcutaneously with 100 ^ ig of the purified enzyme emulsified in 
complete Freund's adjuvant. Two more injections with 100 ug PRXa in incom-
plete Freund's adjuvant were given at two-weeks intervals. One week after 
the last injection the rabbit was bled by cutting the marginal ear vein, 
and serum prepared. 
Immunoblotting 
Proteins separated on native or SDS-containing Polyacrylamide gels 
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were electrotransferred for 1 h at maximum voltage to n i t rocel lu lose mem-
branes ( M i l l i p o r e ) using a LKB 2117 Mul t iphor u n i t (LKB, Bromma, Sweden) 
and a b lo t bu f fe r conta in ing 25 mM T r i s , 0.19 M g l y c i n e , pH 8.8, and 20% 
methanol. Blots obtained from native gels were heated at 80°C for at least 
6 h to inact ivate endogenous enzyme ac t i v i t i e s . 
The b l o t s were then incubated fo r 1 h i n 10 mM Tr l s -HC l , pH 7.4, 0.15 
M NaCl and 0.5% Tween 20 (TBS-Tween), con ta in ing 1% bovine serum albumin 
(B5A), followed by 1 h in TBS-Tween containing 1% BSA and a 1:2000 d i l u t i on 
of the antiserum against PRXa. Subsequently, the blots were washed for 18 h 
i n TBS-Tween w i th severa l changes, and incubated fo r 1 h i n TBS-Tween 
conta in ing 1% BSA and a 1:1000 d i l u t e d goat-ant i - rabbi t serum conjugated 
with either horseradish peroxidase (Nordic, Ti lburg, The Netherlands), or 
alkal ine phosphatase (Sigma, St.Louis, USA). F ina l ly , the blots were tho-
roughly r insed i n TBS-Tween and s ta ined fo r enzyme a c t i v i t y . Peroxidase 
a c t i v i t y was v i sua l i zed w i t h 3-amino-9-ethy lcarbazole as descr ibed fo r 
peroxidase isoenzymes on gels. Staining for alkal ine phosphatase ac t i v i t y 
was performed by immersing of the blot in 75 mM Tr is , 25 mM d ie thy lbarb i tu -
r i c acid buffer, pH 8.6 (LKB, Bromma, Sweden), containing 40 mM MgC^, 0.1 
mM £ - t o l u i d i n e 5-bromo-4-ch loro-3- indo ly lphosphate (BioRad) and 60/uM 
n i t r o blue t e t r azo l i um ch lo r i de (BioRad). A f te r s t a i n i n g , the b l o t s were 
rinsed in demi water and dried on f i l t e r paper. 
Immunoprecipitation 
Immunoprecipitation of extracts with the antiserum was performed with 
protein A (Prot A)-Sepharose. Prot A-Sepharose (Pharmacia, Uppsala, Sweden) 
was swollen and washed in 6.5 mM ^HPO*, 1 mM NahUPO^, 135 mM NaCl, 3 mM 
KCl, pH 7.4 (PBS). After spinning 1 ml suspension of Prot A-Sepharose 
(0.15 mg dry weight) for 10 min at 10000 x g_, 0.6 ml of the supernatant was 
replaced by 0.6 ml antiserum. Non-bound antibodies were removed by washing 
5 times with PBS. To estimate binding of peroxidase in the extracts from 
the various plant species 0.1 vol of 10 x PBS was added prior to incubation 
with excess Prot A-Sepharose. After incubation overnight at 4 °C, the Prot 
A-Sepharose was spun down, and the peroxidase activity remaining in the 
supernatant determined. 
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Table 1. List of plant species tested for peroxidases cross-reacting with 
an antiserum against petunia PRXa 
Species Growth condi t ions 
cross-
reac t i on 
Stimoryne Rafin.: 
S. x hybrida (Hook.) Wijsman, 
cv. Roter Vogel (R27) 
cv. Blauzwerg (V23) 
cv. Pendula cyanea (W4) 
S. axillaris (Lam.) Wijsman 
ssp. axillaris (SI) 
S. integrifolia (Hook.) Wijsman 
ssp. integrifolia (S12) 
ssp. inflata (R.E. Fries) Wijsman (S9) 
ssp. inflata (R.E. Fries) Wijsman (S15) 
greenhouse 
Petunia Juss.: 
P. linearis (Hook.) 
P. calycina Sendtn. 
P. parviflora Juss. 
Paxt. 
Nicotiana L. : 
N. tabacum L. cv Samsun NN 
N. rustica L. 
N. x sanderae Hort, ex W.Wats. 
N. langsdorffii Weinm. 
N. alata Link and Otto 
field 
Solanum L.: 
5. nigrum L. 
S. dulcamara L. 
S. luteum L. 
S. hirsutum L. 
S. melongena L. 





Other Solanaceous species: 
Lycopersicon esculentum Mill, cv Sonato 
Capsicum annuum L. 
Datura stramonium L. 
Atropa belladonna L. 
Nicandra physalodes (L.) Gaertn. 
Physalis alkekengi L. 




Table 1. continued 
Species Growth condition 
cross-
reaction 
Lycium chilense Miers 
Hyoscyamus albus L. 
Browallia speciosa L. 
Cestrum purpureum L. 
Schizanthus pinnatus Ruiz et Pav. 
Nolana humifusa Lindl. 
Nolana paradoxa Lindl. 
Non-Solanaceous species: 
Brassica napus L. 
Tagetes cresta L. cv. Harmony Boy 
Zea mays L. 
Avena sativa L. cv. Victory 









1) see tex t . 
Results 
Characterization of the antiserum against petunia PRXa 
The s p e c i f i c i t y of the ant iserum ra ised against petunia PRXa was 
tes ted by immunoblo t t ing . Upon e i t he r na t i ve PAGE or SDS-PAGE, the a n t i -
serum reacted equal ly w e l l w i t h the three molecular forms of p u r i f i e d 
petunia PRXal, which were even more c l e a r l y resolved than upon p ro te i n 
s t a i n i n g (c f . Hendriks e_t a l . 1989). As demonstrated i n Figure 1 , only 
these three protein bands were recognized in extracts from petunia leaves, 
ind icat ing that the antiserum did not react wi th other proteins and, thus, 
i s s p e c i f i c f o r PRXa. L ike w i t h the ant iserum against PRXa obtained p re -
viously (Van den Berg et^  a l . 1984a), peroxidase ac t i v i t y was s t i l l expres-
sed in the presence of the antiserum as evidenced af ter immunodiffusion and 
rocket Immunoelectrophoresis (not shown). 
The locus encoding PRXa, prxA, exists in several a l l e l i c forms, giving 
r ise to variants of PRXa that d i f f e r in electrophoretic mobi l i ty on native 
gels (F ig . 2). Upon SDS-PAGE of ex t rac t s from leaves of the l i n e s expres-
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s ing PRXa2 (St imoryne x hyb r ida cv Blauzwerg, l i n e V23), PRXa3 (5^ i n t e g r i -
f o l i a ssp . i n f l a t a , l i n e S9) , PRXa4 (5 . i n t e g r i f o l i a ssp . i n f l a t a , l i n e 
S15) and PRXa5 (S^ _ i n t e g r i f o l i a ssp. i n t e g r i f o l i a , l i n e S12) again on ly the 
th ree bands corresponding to PRXa were recognized (F ig . 2). Except f o r l i n e 





Fig. 1 . Speci f ic i ty of the antiserum against petunia PRXa. Immunoblots 
obtained a f t e r SDS-PAGE from (lane 1) p u r i f i e d PRXa and ( lane 2) so lub le 
p ro te ins ex t rac ted from leaves of petunia cv. Roter Vogel. Equal amounts 





















































Fig. 2. Reaction of the antiserum against PRXal with electrophoretic 
variants of PRXa. A. Native Polyacrylamide gel s ta ined fo r peroxidase 
ac t i v i t y wi th 3-amino-9-ethylcarbazole, and B SDS-PAGE gel af ter immuno-
b l o t t i n g w i th the ant iserum. Soluble p ro te in ex t rac t s from leaves con-
ta in ing 25 nkat peroxidase ac t i v i t y from the l ines l i s ted in Table 2 were 
appl ied. 
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Table 2. Genotypeswith respect to the major leaf peroxidase isoenzymes in 
lines of petunia (Stimoryne ssp.). 
Line Species Peroxidase genotype 
R27 S. x hybrida cv. Roter Vogel prxAl/Al prxB2/B2 prxC2/C2 
V23 S. x hybrida cv. Blauzwerg prxA2/A2 prxB2/B2 prxC2/C2 
S6 S_;_ integrifolia ssp. inflata prxA3/A3 prxB2/B2 prxC2/C2 
S15 S. integrifolia ssp. inflata prxA4/A4 prxB2/B2 prxC2/C2 
S12 S^ integrifolia ssp. integrifolia prxA5/A5 prxB2/B3 prxC2/C2 
the other major isoenzymes PRXb and PRXc present in leaves (Table 2). The 
differences in apparent molecular weight of the bands recognized by the 
antiserum, as seen in Figure 2b, can not, therefore, be attributed to 
peroxidases other than PRXa. Upon SDS-PAGE the relative electrophoretic 
mobilities of the PRXa variants did not correspond to those upon native 
PAGE, indicating that the latter are particularly due to different charges, 
related to differences in isoelectric points (data not shown). 
In preliminary experiments crude extracts from leaves of the various 
Solanaceae (Tab. 1) were subjected to SDS-PAGE and immunoblotting. In all 
cases, cross-reacting bands were apparent (Fig. 3). In order to characte-
rize these bands in those 5olanaceae for which peroxidase isoenzyme pat-
terns have been sufficiently well documented, leaf extracts from thorn-
apple, tobacco, sweet pepper, potato and tomato were further analyzed. For 
comparison, in some experiments extracts from non-Solanaceae, two dicots, 
African marigold and turnip, and two monocots, maize and oats, as well as a 
preparation of horseradish peroxidase were tested likewise. 
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F i g . 3. Immunoblots of s o l u b l e l e a f p r o t e i n s from v a r i o u s Solanaceae 
Soluble protein extracts containing 25 nkat peroxidase a c t i v i t y from leaves 
of the various speciesa were subjected to SDS-PAGE, followed by immunoblot-
t i ng using the antiserum against petunia PRXal. Lanes; 1. Nolana humifusa, 
2. Nolana paradoxa, 3. Atropa b e l l a donna, 4. Capsicum annuum, 5. Datura 
stramonium, 6. Hyoscyamus a lbus, 7. Lycium ch i l ense , 8. Lycopersicon es-
culentum, 9. Nicandra physalodes, 10. Physal is a lkekeng i , 11. Scopola 
carn io l ica , 12. Stimoryne x hybrida (petunia), 13. Stimoryne a x i l l a r i s , 14. 
Petunia l i n e a r i s , 15. N ico t iana x sanderae, 16. N icot iana r u s t i c a , 17. 
N icot iana l a n g s d o r f f i i , 18. Nicot iana a l a t a , 19. Cestrum purpureum, 20 
Petunia p a r v i f l o r a , 21 Nicot iana tabacum, 22. Schizanthus p innatus , 23. 
Solanum melonqena, 24. Solanum hirsutum, 25. Solanum luteum, 26. Solanum 
dulcamara, 27. Solanum nigrum. 
Analysis of peroxidase ac t i v i t y in selected Solanaceae 
Tota l wa te r -so lub le peroxidase a c t i v i t i e s in the Solanaceous species 
are l i s t ed in Table 3. In both ext racel lu lar and remaining t issue extracts 
widely vary ing peroxidase a c t i v i t i e s were encountered in the d i f ferent 
species. The percentage of the peroxidase ac t i v i t y present in the ext racel -
l u l a r ex t rac t s var ied between 4 i n potato and 51 i n tobacco (Tab. 3), 
whereas the percentage protein in the ext racel lu lar extracts varied between 
only 1 and 3 fo r any species (data not shown). In a l l cases peroxidase 
speci f ic ac t i v i t y in the ext racel lu lar extract was higher than that in the 
ex t rac t from the remaining l ea f t i s sue , i n d i c a t i n g tha t at leas t par t of 
the peroxidase ac t i v i t y i s spec i f i ca l l y local ized in the apoplast. 
Acetone prec ip i ta t ion of the extracts followed by resuspension of the 
protein pe l le ts i n acetate buffer resulted in some cases in considerable 
(up to 405o) losses of peroxidase ac t i v i t y , par t i cu la r ly from the remaining-
tissue extracts. This step thus c o n s t i t u t e d an enrichment of peroxidases 
s i m i l a r to petunia PRXa, which i s so lub le under these cond i t i ons . The 
s p e c i f i c a c t i v i t i e s of the peroxidase preparat ions a f t e r the acetone-
prec ip i ta t ion step, are given in Table 3. These preparations were used in 
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Fig. 4. Starch gel zymograms of extracellular and remaining tissue peroxi-
dases of six selected Solanaceous species. After starch gel electrophore-
sis, the same gel was sliced horizontally and stained for peroxidase acti-
vity using (A) 3-amino-9-ethylcarbazole and (B) guaiacol. Positions of 
PRXa, b and c in petunia are indicated. 
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Table 3. Peroxidase activities in leaves from selected Solanaceae. Extra-
cellular extracts from fully-expanded leaves were obtained by the vacuum-
infiltration method (see Materials and Methods). Thereafter the remaining 
tissue was extracted in water. The specific activity (SA) of the extracts 
was determined after acetone precipitation. The activities given are means 
+ s.d. 
Species Extracellular Remaining tissue 
(number of extracts) extract extract 
Aikat.g_1FW % SA yukat.g_1FW SA 
Thorn-apple (4) 0.070 +0.013 22 +6 2.34 0.271 +0.142 0.04 
Tobacco (3) 0.042 +0.003 50 +2 0.91 0.041 +0.001 0.10 
Petunia (4) 0.245 +0.014 19 +1 10.85 1.061 +0.152 0.44 
Pepper (4) 0.014 +0.003 13 +4 3.28 0.099 +0.036 0.01 
Potato (4) 0.020 +0.010 4 +2 0.20 0.556 +0.222 0.05 
Tomato (4) 0.005 +0.002 5 +1 0.02 0.111 +0.045 0.04 
Comparison of peroxidase zymograms of selected Solanaceae 
In order to compare the acidic and the basic peroxidase isoenzymes 
present in leaves of the selected Solanaceae, soluble proteins were subjec-
ted to starch gel electrophoresis (Fig. 4A). The similarity of the patterns 
is obvious, particularly with respect to the fast moving anionic and catio-
nic groups of peroxidase bands (cf. Wijsman and Hendriks 1986). These two 
groups were the peroxidases predominantly present in extracellular ex-
tracts, except for the fast moving cationic peroxidases in tobacco, which 
seemed to be present in the remaining tissue extract only. None of the 
cationic bands was visualized when instead of 3-amino-9-ethylcarbazole 
guaiacol was used as the hydrogen donor (Fig. 4B), suggesting that the 
cationic peroxidases hardly contribute to the activity measured spectropho-
tometrically (cf. Hendriks e_t jal. 1985). When native PAGE was employed 
instead of starch gel electrophoresis, a much higher resolution for the 
fast-moving anionic peroxidase bands was obtained (Fig. 5A). These results 
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Fig. 5. Electrophoretic patterns of anionic peroxidases in ext race l lu lar 
and remaining tissue extracts from six selected Solanaceous species Native 
Polyacrylamide gels run at (A) 4 °C and (B) room temperature were stained 
fo r peroxidase a c t i v i t y using 3-amino-9-e thy lcarbazo le , and (C) a gel 
equivalent to A was subjected to immunoblotting using the antiserum against 
petunia PRXal. 
confirm that a group of fast-moving anionic peroxidases i s present in the 
apoplast of leaves of a l l the selected Solanaceous species. 
Performing native PAGE at room temperature rather than at 4°C resulted 
in a considerable loss of ac t i v i t y of the PRXa-like bands in the extracts 
from tho rn -app le , tobacco, and pe tun ia , whereas the tomato and potato 
peroxidases seemed to be less a f fec ted (F ig . 5B).Apparently, the f a s t -
-moving anionic peroxidases i n the former four species are ra ther heat 
l ab i l e . In contrast, the more slowly moving PRXb-like isoenzymes wi th in the 
remaining t issue were stable under these conditions (Fig. 5B). 
Immunological relat ionships 
Upon immunoblot t ing of na t i ve PAGE gels w i t h the ant iserum against 
petunia PRXa, in a l l other f i ve Solanaceous species c ross - reac t i ng bands 
were present among the fast-moving peroxidases in ext racel lu lar extracts 
(Fig. 5C). Some bands in th i s group, which were hardly revealed by ac t i v i t y 
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Fig. 6. Electrophoretic patterns after SOS-PAGE of proteins in extracellu-
lar extracts. A Samples corresponding to 40 ug protein were applied and 
proteins were stained with Coomassie blue. B Samples correwsponding to 50 
nkat peroxidase activity were applied and the gel was subjected to immuno-
blotting using the antiserum against petunia PRXal. C Molecular weight 
determination of the immunoreactive bands shown in B. As molecular weight 
markers were used Phosphorylase b (94 kD), bovine serum albumin (67 kD), 
ovalbumin (43 kD), carbonic anhydrase (30 kD), trypsin inhibitor (20.1 kD) 
and °( -lactalbumin (14.4 kD). 
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obtained with extracts from the remaining tissue. Notably, the additional 
peroxidases present within the tissue did not react with the antiserum. 
Except for the presence of a band cross-reacting in remaining leaf tissue 
from oats, no specific reaction occurred with extracts from the four non-
Solanaceae or with a preparation of horseradish peroxidase. Similar results 
were obtained whether the second antiserum was conjugated with peroxidase, 
or with alkaline phosphatase (data not shown). 
Immunoblotting of the denatured proteins after SDS-PAGE (Fig. 6A) 
indicated that in each species the antiserum recognized a set of extracel-
lular proteins with apparent molecular weights which ranged from 37 kD for 
petunia PRXa to about 44 kD for the corresponding peroxidase in tomato 
(Fig. 6B). 
The extent of homology between the peroxidases in the various species 
was tested by immunoprecipitation using antibodies coupled to protein A-
Sepharose. In petunia all extracellular peroxidase and about 40% of the 
enzyme activity in the remaining tissue extract was precipitated. Since the 
antiserum is specific for PRXa, it can be concluded that the total amount 
of PRXa in leaves accounts for about 60Ä of the guaiacol peroxidase activi-
ty. In extracts from thorn-apple, tobacco and pepper a large fraction of 
the peroxidase activity was precipitated, in particular from the extracel-
lular extracts. Much less peroxidase activity was precipitated from ex-
tracts of potato and tomato. However, again a larger percentage cross-
reacted in the extracellular than in the remaining tissue extracts (Fig. 
7). Thus, in the selected Solanaceous species the antiserum against PRXa 
recognizes particularly those peroxidases that are localized in the apo-
plast. The relative affinities of the antiserum for the peroxidases from 
the six species were confirmed in an experiment in which increasing amounts 
of the extracellular extracts were incubated with a given amount of Prot A-
Sepharose-bound antiserum and the extent of binding of the peroxidase 
activity was determined (Fig. 7B). 
Zymograms of the supernatants after immunoprecipitation revealed that 
petunia PRXa had been removed completely from the supernatant. The activity 
of the fast moving group of peroxidases in the other species was decreased 
to various extents. A stronger reduction in the staining intensities of the 
various molecular forms is apparent for thorn-apple, tobacco and sweet 
pepper than for potato and tomato, suggesting that the former are more 
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Fig. 7. Immunoprecipitation of peroxidase a c t i v i t y from extrace l lu lar and 
remaining t i s s u e e x t r a c t s . A Percentage a c t i v i t y p r e c i p i t a t e d with Prot A-
Sepharose-conjugated antiserum agains t pe tunia PRXal. B Peroxidase a c t i v i t y 
in the e x t r a c e l l u l a r e x t r a c t s bound by the Prot A-Sepharose-conjugated as a 
function of peroxidase a c t i v i t y added. 
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other than the fast-moving group was removed by the antiserum (Fig. 8). 
In tomato the situation was complicated because only some of the fast-
moving bands showed decreased activities. Possibly, two groups of bands, 
corresponding to Prx-1 and Prx-2 (Rick and Tanksley 1980), displayed par-
tial overlap. As shown in Figure 8, the activity of only the bands in the 
fastest-moving group were reduced. No peroxidase isoenzymes were immunopre-
cipitated from extracts of marigold, turnip, maize or oats, nor was cross-
reaction observed with horseradish peroxidase. These results again demon-
strate that only the group of the fast-moving anionic peroxidases in the 
selected Solanaceae reacted with the antiserum against petunia PRXa. PRXa-
like enzymes were present in all five species investigated, but, as shown 
in Figure 7, their extent of homology to petunia PRXa appeared to decrease 




































Fig. 8. Electrophoretic patterns of anionic peroxidases from remaining 
tissue before and after removal by immunoprecipitation with the antiserum 
against petunia PRXal (cf. Fig. 7). A native Polyacrylamide gel was stained 
for peroxidase activity with 3-amino-9-ethylcarbazole. Positions of petunia 
PRXa and b are indicated. 
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Discussion 
Our results show that fast-moving anionic peroxidase isoenzymes struc-
turally homologous to petunia PRXa are present in various Solanaceous 
species. Even though we only demonstrated this for thorn-apple, tobacco, 
pepper, potato and tomato, cross-reacting bands were detected in immuno-
blots after SDS-PAGE of leaf extracts from a large number of Solanaceae. 
The antiserum proved to be specific for petunia PRXa and reacted only 
with homologous peroxidase isoenzymes in the selected species. Thus, the 
epitopes recognized are not the highly homologous amino acid sequences 
present in all plant peroxidases (Welinder 1985, Lagrimini e_t ah. 1987, 
Roberts et^  al. 1988). Although varying amounts of the immunoreactive per-
oxidases were retained in the remaining leaf tissue, these constituted the 
same fast-moving anionic peroxidases as were present in the extracellular 
extracts. 
In spite of their homology, the fast-moving anionic peroxidases of, on 
the one hand, petunia, tobacco, thorn-apple and pepper and, on the other 
hand, potato and tomato, showed some distinguishing characteristics. SDS-
PAGE indicated that the PRXa-like peroxidases in petunia, tobacco, thorn-
apple and pepper have higher molecular weights than those in potato and 
tomato. They are more heat-labile and are more readily precipitated by the 
antiserum against PRXa. These observations suggest that the antiserum has 
a higher affinity for the peroxidases of the first group than for those in 
the second group, or that the peroxidases in the second group have a 
substantially lower specific activity in our spectrophotometry peroxidase 
assay, or both. The relatively small reduction in the staining activity of 
the peroxidase bands of tomato and potato after immunoprecipitation points 
to a low antiserum avidity; the strong immunoreaction of particularly the 
tomato proteins upon immunoblotting is suggestive of a low specific peroxi-
dase activity. On the contrary, the immunoblotting experiments suggest that 
the antiserum may have a higher avidity for the tomato and potato peroxi-
dases after denaturation than in their native state. The differences be-
tween the peroxidases in both groups could then be explained by differences 
in glycosylation patterns. The presence of extra carbohydrate groups in the 
potato and tomato peroxidases would increase their stability and molecular 
weights, and might even be responsible for the much lower recovery of these 
peroxidases in extracellular extracts. Carbohydrate groups covering an 
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epitope could prevent immunoprecipitation of the peroxidases in their 
native form; denaturation might cause the epitopes to be exposed. 
The difference between the PRXa-like peroxidase isoenzymes in petunia, 
thorn-apple, tobacco and pepper, on the one hand, and those in tomato and 
potato, on the other hand, may be the result of evolutionary divergence. 
Gurusiddaiah e^t al. (1972) made a similar distinction between these species 
(except for pepper, which was not included in their study) on the basis of 
immunological studies on chymotrypsin inhibitor I. However, evolution in 
the Solanaceae is still poorly understood and taxonomie classifications of 
this family differ, depending on the parameters chosen (Von Wettstein 1897, 
Gottschalk 1954, D'Arcy 1979). As to the purported evolution of an ances-
tral peroxidase gene coding for the PRXa-like peroxidases, this guestion 
can only be investigated properly once the seguences of the present-day 
genes are known. cDNA clones obtained for fast-moving anionic peroxidases 
from tobacco (Lagrimini et al. 1987) and potato (Roberts et al. 1988) are 
already available. It has already been shown that the potato cDNA clone 
hybridizes to a peroxidase mRNA in tomato (Roberts et al. 1988). Alignment 
of the amino acid seguences of the tobacco and potato cDNAs (Lagrimini et^  
al. 1987, Roberts et al. 1988) indicates that these proteins are about 44% 
homologous, similar to the homology of both peroxidases with horseradish 
peroxidase C (Welinder 1979) and turnip peroxidase P7 (Mazza and Welinder 
1980). The tobacco clone was obtained by screening a cDNA library with an 
oligodeoxynucleotide probe synthesized on the basis of an amino acid-
seguence of two fast-moving anionic peroxidases (Lagrimini et al. 1987). 
These two peroxidases as a group have been characterized by Mäder and co-
workers (Mader et al. 1986), and correspond to both groups of bands cross-
-reacting with the petuna PRXa antiserum. 
Genetic studies on peroxidase isoenzymes in petunia and tomato have 
revealed that the group of fast-moving anionic bands, PRXa and Prx-1, are 
coded for by one structural gene, designated prxA and Prx-1, respectively 
(Van den Berg and Wijsman 1982, Tanksley and Rick 1980). Our results sug-
gest that this is also the case in potato, thorn-apple, pepper and tobacco, 
since all bands of the fast moving anionic peroxidases cross-reacted with 
the antiserum. This conclusion is in accordance with the observed varia-
tion of the electrophoretic mobility of these bands as a group (Smith et 
al. 1970, Sheen 1970, Conclin and Smith 1971). The monogenic inheritance of 
a structural gene for the fast moving anionic peroxidase isoenzyme in 
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tobacco has been demonstrated in progenies of crosses between Nicotiana 
langsdorffii, N. alata and N. sanderae (Hoess et al. 1974, Labroche et al. 
1983). In N. tabacum, an amphiploid, two sets of these bands are present, 
indicative of the expression of both homeologous structural genes derived 
from its ancestors, N^ sylvestris and N^ tomentosiformis (Lagrimini et al. 
1987). Little is known about the genetics of the fastest-moving anionic 
peroxidase isoenzymes in thorn-apple (Conclin and Smith 1971, Smith and 
Conclin 1975), potato (Oliver and Martinez-Zapater 1985, Quiros and McHale 
1985) and pepper (McLeod et^  al_. 1983). A common nomenclature for peroxidase 
genes in tomato, potato and pepper has been advanced by Quiros and McHale 
(1985). Our results suggest that the genes designated Prx-1 according to 
this nomenclature, as well as the gene Px, in tobacco (Hoess et_ al. 1974; 
locus Po -7 A according to Labroche et al. 1983) and prxA in petunia (Van 
den Berg and Wijsman 1981, 1982) are orthologous genes (cf. Wijsman and 
Hendriks 1986). 
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Abstract 
The distribution of soluble peroxidase activity in tissues from petals, 
leaves and stems of petunia (Stimoryne hybrida (Hook.) Wijsman, cv. Roter 
Vogel) was investigated. In petals, the upper epidermis contained nearly 20 
% of the soluble peroxidase activity, but no peroxidase activity was reco-
vered from protoplasts isolated from this tissue. In contrast, protoplasts 
from the remaining tissue contained about 45 % of the total peroxidase 
activity in the form of the isoenzyme PRXb. The extracellular peroxidase 
activity present in the epidermis was mainly PRXa. In leaves, the lower 
epidermis contained 14 - 40 % of the soluble peroxidase activity, depending 
on their stage of development. In fully expanded leaves about half of the 
activity in the lower epidermis was located extracellularly. In stems, 
nearly 80 % of the soluble peroxidase activity was present in the epider-
mis, and about 30 % of this activity was localized extracellularly. Since 
the extracellular extracts contained merely PRXa, these results suggested 
that PRXa is localized mainly in the epidermis of the aerial organs of 
petunia. When leaves and stems were cut transversely and pressed on mem-
brane filters, the resulting dip-blots were employed for in_ situ localiza-
tion of peroxidase by activity staining and of PRXa by immunodetection. 
Both peroxidase activity and immunoreactive PRXa were present mainly in the 
epidermis of stems and leaves, particularly at the site of the midrib and 
veins. With respect to this distribution, the function of PRXa is discus-
sed. 
Introduction 
Peroxidases are ubiquitous enzymes in higher plants and are thought to 
function in growth and differentiation, as well as in reactions to woun-
ding, infection and other stress conditions. Many peroxidase isoenzymes are 
organ-specific; usually their expression is developmentally controlled 
(Gaspar et al. 1982, Greppin et al. 1986). This suggests that different 
isoenzymes have different functions and this may be reflected by their 
presence in different subcellular compartments, in specific cells within a 
tissue or in a particular tissue within an organ. Upon tissue fractiona-
tion, about 80 % of the peroxidase activity is usually present in soluble 
fractions (Hendriks et al. 1985, 1989a, De Jaegher et al. 1985, Kevers and 
Gaspar 1984, Mäder et al. 1986). These soluble peroxidases are localized 
either in the apoplast (Rathmell and Sequeira 1974, Birecka and Catalfamo 
1975, Mader et al. 1986, Hendriks et_ al. 1985, Morrow and Jones 1986), or 
in the vacuole (Boiler and Kende 1979, Grob and Matile 1980, Thorn et al. 
1982, Martinoia et^  al. 1982), but comparatively little is known about their 
localization at the tissue level. 
Petunia peroxidase a (PRXa) is a soluble extracellular enzyme, most 
prominently present in the apoplast of leaves and stems (Van den Berg and 
Wijsman 1981, Hendriks et al. 1985). In leaves it may be responsible for up 
to 60 % of the peroxidase activity when guaiacol is used as the substrate 
(Hendriks et al. 1989b). PRXa can be recovered in extracellular extracts 
obtained by the vacuum infiltration technique (Van den Berg and Van Huystee 
1984, Hendriks et^  al. 1989a,b). It was virtually absent from protoplasts 
isolated from leaves after removal of the lower epidermis. These proto-
plasts orginated mainly from the mesophyll and contained only the peroxi-
dase isoenzyme PRXb (Hendriks et^  al. 1985). No peroxidase activity could be 
detected in protoplasts isolated from the upper epidermis of petals, 
indicating that the peroxidase activity in the epidermis is completely 
extracellular (Aerts and Schram 1985b). However, no information on the 
isoenzyme composition of the various petal tissues is available. 
The present investigation concerns the further localization of the 
soluble peroxidase activity, and its isoenzyme composition in particular, 
in petals, leaves and stems of petunia. 
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Materials and Methods 
Plant material 
Stems, leaves and flowers were collected from 8-months-old plants of 
Stimoryne hybrids (Hook.) Wijsman, cv. Roter Vogel (cf. Wijsman and De Jong 
1985), grown in a greenhouse as described previously (Hendriks et al. 
1985). 
Preparation of tissue extracts 
The epidermis of stems, the lower epidermis of leaf laminae, and the 
upper epidermis of petals were carefully peeled off with tweezers; from 
stems the remaining cortex was also removed by peeling. Contamination of 
the peeled epidermal strips with mesophyll tissue was checked by looking 
for the presence of green (leaves and stems) or white (petal) mesophyll 
cells. It was estimated that contamination with mesophyll or cortex was 
less than 5%. 
Protoplasts from the upper epidermis of flower petals and from the 
remaining petal tissue were isolated according to Aerts and Schram (1985a). 
Anthocyanin, being present only in the epidermal tissues (3ohnsson et^  al. 
1984), served as a marker for epidermal protoplasts. 
The epidermal, cortex, and remaining tissues were weighed, transferred 
to Eppendorf vials and homogenized with a pestle in demineralized (demi) 
water (2 ml/g fresh weight) together with some sea sand, unless stated 
otherwise. Protoplasts were similarly homogenized. The homogenates were 
centrifuged for 10 min at 10,000 x g_ at 4°C and the supernatants were used 
directly for the determination of peroxidase activity and gel electro-
phoretic analysis of peroxidase isoenzymes. 
Extracellular extracts from stems and leaves were obtained by the 
vacuum infiltration method, as described previously (Van den Berg and Van 
Huystee 1984, Hendriks e_t al. 1989a). 
Determination of peroxidase activity and isoenzyme patterns 
Peroxidase activity was determined with guaiacol as the hydrogen donor 
as described previously (Hendriks et al. 1989a). Peroxidase isoenzyme 
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patterns were obtained by subjecting centrifugea extracts to electrophore-
sis in starch or Polyacrylamide gels, followed by activity staining with 3-
amino-9-ethylcarbazole and hydrogen peroxide (Van den Berg and Wijsman 
1981, Hendriks et al_ 1989b). 
Anthocyanin content was determined spectrophotometrically at 530 nm 
(E (( = 34) after mixing part of the tissue extracts with methanol con-
taining 0.5 % HCl (3onsson et al_. 1984). 
Direct in situ protein (dip) blotting 
Pieces of stems and leaves were cut transversely and the freshly cut 
surface was pressed for a second (dipped) on a piece of polyvinylidene 
difluorlde membrane (Immobilon PVDF Transfer Membrane, Millipore Corpora-
tion, Bedford, USA) (Fig. 1). These dip-blots were washed for 10 sec in 
methanol to fix proteins and to remove chlorophyll. 
Proteins on the dip-blots were stained with 0.25% (w/v) Coomassie Bril-
liant Blue G 250 (Sigma Chemical Company, St.Louis, USA) in acetic acid-
-methanol-water (1:5:5). The blots were destained in the same acetic acid-
-methanol-water solution. 
Peroxidase activity was detected by incubation in a mixture containing 
hydrogen peroxide and either 3-amino-9-ethylcarbazole or guaiacol as de-
scribed above. The reactions were stopped by flooding the dip-blots with 
demi water. 
For immunodetection the dip-blots were washed in acetone containing 
0.5% HCl. This treatment inactivates the endogenous peroxidases through 
removal of the heme group (Shannon et al. 1966, Hendriks et_ al. 1989a). The 
dip-blots were then incubated in 10 mM Tris-HCl, pH 7.4, containing 0.15 M 
NaCl, 0.2 % Tween 20 (TBS-Tween), 1% BSA and a 1 : 2000 dilution of an 
antiserum against PRXa (Hendriks et al. 1989b). After incubation the dip-
-blots were washed for 2 h in TBS-Tween, incubated for 2 h with a goat-
-anti-rabbit serum conjugated with horseradish peroxidase (Nordic, Tilburg, 
The Netherlands) diluted 1:1000 in TBS-Tween, and finally washed in TBS-
Tween for another 2 h and stained for peroxidase activity. All incubations 
were at room temperature (20 - 25°C). After the final washes the blots were 





Fig. 1. Diagram showing the preparation of dip-blots. Cut rolled-up leaves 
or stem pieces are clipped on membrane filters, which are then either 
stained for protein or peroxidase activity, or used for immunodetection. 
Results 
Distribution of peroxidase activity in petals 
As shown in Table 1, the upper epidermis contained nearly 2035 of the 
total soluble peroxidase activity. No activity was recovered from its 
protoplasts. In contrast, when expressed on the basis of anthocyanin con-
tent, protoplasts from the remaining tissue contained 60 % of the soluble 
peroxidase activity present in these tissues, which amounts to about 45 % 
of the total peroxidase activity present in petals (Table 1). The anthocya-
nin in the remaining tissue is derived from the lower epidermis, which 
contains 30 % of the anthocyanin present in petals (cf. Oonsson et^  al. 
1984). When expressed on the basis of anthocyanin content, the protoplasts 
contained nearly 60 % of the peroxidase activity in the remaining tissue. 
Most of the peroxidase activity present in the upper epidermis was detected 
in the cell wall degrading enzyme mixture used to isolate the protoplasts 
(Table 2), indicating that this peroxidase activity is extracellular. 
95 
Table 1. Peroxidase activity in petal tissues and protoplasts The upper 
epidermis from petals of fully expanded flowers of petunia cv. Roter Vogel 
was peeled off and protoplasts were prepared from both tissues. The epider-
mis and remaining petal tissue or protoplasts were homogenized in water. 
Tissue homogenates were from one corolla and protoplasts were obtained from 
three corollas. Anthocyanin content and peroxidase activity are expressed 
as absolute amounts present in these preparations. 
Extract Anthocyanin content Peroxidase activity 
umole % nkat 
Tissue (1 flower) 
Upper epidermis 1.04 70 3.7 18.5 
Remaining tissue 0.31 30 16.5 81.5 
Total extracted 1.35 100 20.2 100 
Protoplasts (3 flowers) 
Upper epidermis 1.21 - 0.0 0.0 
Remaining tissue 0.71 - 22.5 45.71^ 
' Determined on the basis of anthocyanin content and peroxidase activity 
in remaining tissue extract with respect to total peroxidase activity 
present. 
Electrophoretic analysis of extracts of the various tissues showed 
that the upper epidermis was enriched in PRXa, whereas the remaining tissue 
contained mainly PRXb (Fig. 2). Protoplasts isolated from the remaining 
tissue contained PRXb only (Fig. 2). Since PRXb was not present in proto-
plasts from the upper epidermis, intracellular PRXb seems to be confined to 
mesophyll cells. 
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Table 2. Peroxidase activity in the upper epidermis of petals, their proto-
plasts, and in the cell wall-degrading enzyme mixture used for protoplast 
isolation. The upper epidermis from the petals of one fully expanded flower 
of petunia cv. Roter Vogel was peeled off. The epidermal strip from one 
petal was used for extraction of peroxidase and those from the remaining 
four petals for protoplast isolation. Epidermis and protoplasts were homo-
genized in cell wall degrading enzyme medium. Anthocyanin content and 
peroxidase activity are expressed per corolla, i.e five petals. 
Fraction Anthocyanin content Peroxidase activity 
umole % nkat 
Upper epidermal strips 1.23 100 3.3 100 
Upper epidermal strips after 
incubation for 3 h in cell 
wall degrading enzyme mixture 1.22 99 2.4 73 
Protoplasts 0.83 68 0.0 0 
Incubation mixture after 
removal ofthe protoplasts 0.41 32 2.2 67 
Distribution of peroxidase activity in leaves and stems 
Compared to flowers, stems and leaves contained a much higher peroxi-
dase activity (Table 3). To investigate whether in these organs the epider-
mis is also enriched in PRXa, peroxidase activity was determined in epider-
mal and remaining tissue before and after extracellular proteins had been 
extracted from stems and leaves. From leaves only the lower epidermis could 
be peeled off. In fully expanded leaves it alone accounted for 33 % of the 
peroxidase activity present in leaves and its specific peroxidase activity 
(nkat.mg FW ) was more than twice that in the remaining tissue (Table 3). 
In stems, the epidermis contained 77 % of the peroxidase activity with a 
specific activity more than ten times that in all other tissues (Table 3). 
The specific activity in the central cylinder was particularly low. Extra-
cellular extracts from stems and leaves contained about 12 % and 25 % of 
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the soluble peroxidase activity, respectively (Table 3). After the extra-
cellular extracts had been removed, the epidermal tissues of both stem and 
leaf had suffered the largest losses of peroxidase activity, virtually hal-
ving their specific activities. In stems the relative amount of peroxidase 
activity in the epidermis was reduced from 11% to 53%, whereas only 12% was 
recovered in the extracellular extract (Table 3). Apparently, part of the 
epidermal activity was redistributed to the cortex, because in this tissue 
the relative amount of activity increased from 10% to 20% (Table 3). 
""""*"* '— — PRXa1.1 
- PRXb2 
_ — _ „ _ _ _ Origin 
PRXc2 
Fig. 2. Peroxidase isoenzymes in tissues and protoplasts from petals. 
Peroxidase isoenzyme patterns on starch gels of extracts from (lanes 1,6) 
whole petals, (lane 2) tissue after removal of the upper epidermis, (lane 
3) upper epidermis, (lane 4) protoplasts from upper epidermis, and (lane 5) 
protoplasts from remaining tissue. The petals, tissues and protoplasts were 
extracted in water. 
Peroxidase activity in leaves increased with leaf age (Table 4). Its 
relative distribution also changed with the amount in the lower epidermis 
increasing more strongly than in the remaining tissue. Thus, the percentage 
of the peroxidase activity in the epidermis increased from 14 % to over 40 
% during the development of the leaf. 
Electrophoresis of extracts prepared from leaf epidermis and remaining 
tissue revealed that the relatively high activity of peroxidase in the 
epidermis is due to both PRXa and PRXb (Fig. 3). In leaves, PRXa became 
more dominant with leaf age and its molecular forms PRXal.2, al.3 and an 
even more rapidly migrating form al.4 (cf. Van den Berg and Wijsman 1982), 
appeared. Only small differences in the activity of PRXa relative to PRXb 
occurred during leaf development, except in mature leaves, which showed 
substantially increased activity of PRXb that appeared to be confined to 
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Table 3. D i s t r i b u t i o n of perox idase a c t i v i t y i n l eaves and stems. The 
ep idermis and cor tex f rom stem and the lower ep idermis from f u l l y expanded 
l e a v e s were removed b e f o r e and a f t e r stem p i e c e s and l e a f h a l v e s were 
sub jec ted to the vacuum i n f i l t r a t i o n (VI) method to e x t r a c t e x t r a c e l l u l a r 
p r o t e i n s . The stem pieces (1 cm long) were from a s i n g l e in te rnode and l e a f 
halves were from the same l e a f . A l l t i s s u e s were weighed before and a f t e r 
t h e e x t r a c e l l u l a r e x t r a c t s had been o b t a i n e d (mg FW) and e x t r a c t e d i n 
water . 
Before VI After VI 
F r a c t i o n mg FW Peroxidase a c t i v i t y mg FW Peroxidase a c t i v i t y 




















































































^' Weighed after extraction by the vacuum infiltration method. The weights 
of total extracted tissue in this column were determined before the vacuum-
infiltration method was applied. The peroxidase activity expressed per gFW 
was corrected for changes in the weight of the tissues after the vacuum 
infiltration using the following eguation: 
FW total (before VI) 
FW tissue (before VI) = FW tissue (after VI) x 
FW total (after VI) 
99 
Table 4 Distribution of peroxidase activity during leaf development. The 
lower epidermis was stripped from leaves at different positions on one 
plant. The leaves were numbered according to their position, leaf 1 being a 
young, growing leaf from the upper part of the plant and leaf 4 a mature 
leaf from the lower part of the plant. Epidermis and remaining tissue were 
weighed (mg FW) and homogenized in water. 
Leaf Tissue mg FW Peroxidase activity 









































the remaining t i ssue (F ig . 3). In stems PRXa was more prominent in the 
epidermis than in the other tissues (Fig. 3). The largest molecular form of 
PRXa, PRXal. l , was the dominant form i n the ep idermis , whereas in the 
cortex and cen t ra l cy l i nde r a l l forms of PRXa were s i m i l a r l y ac t i ve (c f . 
Hendriks é t a l . . 1985). 
As shown prev ious ly (Hendriks e_t al_. 1989b), PRXa but not PRXb i s 
present i n e x t r a c e l l u l a r e x t r a c t s . Indeed, the peroxidase a c t i v i t y l o s t 
from leaves and stems af ter removal of the ext racel lu lar extracts was PRXa 
(data not shown), supporting the conclusion derived from the use of petals, 
that PRXa i s mainly local ized in the epidermis. 
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Fig. 3. Peroxidase isoenzymes in tissues from leaves and stem. Patterns of 
anionic peroxidase isoenzymes on native Polyacrylamide gels of (A) leaves 
at different developmental stages (leaf 1 young - leaf 4 mature) and (B) 
stems. A: lanes 1 total leaf, lanes 2 lower epidermis, lanes 3 tissue after 
removal of the lower epidermis removed. B: lane 1 stem, lane 2 epidermis, 
lane 3 cortex, lane 4 central cylinder. 
Tissue localization of peroxidase activity by dip-blotting 
To test whether the PRXa present in the remaining leaf tissue was 
derived from the upper epidermis, iji situ localization was attempted using 
dip-blots. Staining for protein revealed that protein was distributed 
essentially homogeneously over the different tissues (Fig. 4A). In con-
trast, peroxidase activity transferred to the membrane filters was present 
mainly in both the lower and the upper epidermis, and particularly in the 
lower epidermis of the midrib (Fig. 4B, 5B). Some peroxidase activity was 
found to be concentrated in the vascular region in midrib and smaller veins 
(Fig. 4B, 5B, arrows). Immunoscreening of the dip blots with antiserum 
against PRXa showed a similar distribution, indicating that PRXa is present 
mainly in both upper and lower epidermis but more specifically in the lower 
epidermis of midrib and veins (Fig. 6B). Similar dip-blots from stems also 
demonstrated that soluble peroxidase activity (Fig. 5B, 6C) and immunoreac-
tive PRXa (Fig. 6B) were present most prominently in the epidermis, as well 
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Fig. 4. Localization of peroxidase activity on dip-blots from petunia leaf. 
Dip-blots were made from a fully expanded leaf as outlined in Materials and 
Methods, and were stained for (A) protein or (B) peroxidase activity using 
3-amino-9-ethyl carbazole as the substrate. Arrows indicate peroxidase 
activity concentrated in midrib and veins. 
Discussion 
By comparing the d i s t r i b u t i o n of the so lub le peroxidase a c t i v i t y i n 
t i ssues from p e t a l s , stems and leaves, i t was found tha t i n a l l three 
organs the epidermis contained high ext racel lu lar ac t i v i t y in the form of 
PRXa. Although in t race l l u la r PRXb was also detected in epidermal s t r i ps , i t 
was absent from p ro top las t s i so l a t ed from epidermal s t r i p s of pe ta l s , 
suggesting that i n t race l l u la r PRXb i s present in mesophyll ce l l s only (cf. 
Hendriks et a l . 1985). Quantitation of peroxidase ac t i v i t i e s in protoplasts 
from leaf epidermis was not attempted because these ce l ls lack a suitable 
marker. The preferent ia l epidermal loca l iza t ion of peroxidase, and of PRXa 
i n p a r t i c u l a r , was conf i rmed by jjn s i t u b l o t t i n g of p ro te ins from cut 
leaves and stems on membrane f i l t e r s . Protein was re l iab ly transferred by 
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A B 
Fig. 5. Localization of peroxidase activity on dip-blots from leaf and stem. 
Dip-blots from (A) a fully expanded leaf and (B) a main stem were stained 
for peroxidase activity using guaiacol as the substrate. Arrows as in Fig. 
4. 
this method, making dip-blotting a convenient way to localize soluble 
proteins at the tissue level. A similar but more laborious method was 
described recently by Spruce et_ al. (1987). They reported the detection of 
polyphenol oxidase, peroxidase, various glycosidases, dehydrogenases, and 
phosphatase activities on nitrocellulose after blotting tissue sections. 
Although this was not mentioned, from the Fig. lc in their paper it can be 
seen that high peroxidase activity was present in the epidermis of bean 
leaf petioles. In epidermis of pea stem internodes an abundance of extra-
cellular proteins, including an anionic peroxidase, was demonstrated by 
Morrow and Jones (1986). In tissue sections the epidermis stained strongly 
upon incubation with an antiserum raised against proteins present in extra-
cellular extracts. A similar result was reported for proteins ionically 
bound to cell walls (Melan and Cosgrove 1987). 
The presence of PRXa in the epidermis of stem, leaves and petals, but 
its virtual absence from roots (Van den Berg and Wijsman 1981, Van den Berg 
et al. 1984), suggests that the expression of PRXa is related to shoot 
differentiation. In contrast to PRXb and PRXc, PRXa was absent from callus 
derived from leaf tissue up to the stage when shoots were induced (H. van 
Oostrum, T. Hendriks and H.J.W. Wijsman, unpublished results). Similar 
observations were reported for the fast moving anionic peroxidase group in 
tobacco (Mäder et^  al. 1975, Rawal and Mehta 1982). This tobacco peroxidase 
is also localized extracellularly (Mäder 1976). We demonstrated that this 
peroxidase group in tobacco is serologically related to petunia PRXa (Hen-






Fig. 6. Immunolocalization of PRXa on dip-blots fro» leaf and stem. 
Dip-blots from (A, B) a ful ly expanded leaf and (C, D) a young stem were 
either stained for (A) protein or (C) peroxidase activity using 3-amino-9-
ethylcarbazole as the substrate, or incubated (B, D) with antiserum against 
PRXa. Arrows as in Fig.4. 
Based on the e x t r a c e l l u l a r l o c a l i z a t i o n of petunia PRXa (Hendriks et 
al . 1985) and i t s abil i ty to polymerize coniferyl alcohol (Hendriks et ai . 
1989a), both p roper t i e s shared with the tobacco peroxidase (Mader et a l . 
1986), we previously hypothesized that PRXa functions in the polymerization 
of lignin or suberin. I t seems unlikely, however, that PRXa is instrumental 
in the l i g n i f i c a t i o n of xylem vesse l s , because t h i s isoenzyme i s hardly 
present in roots. The presence of PRXa in the apoplast of stems, leaves and 
petals might be viewed in relation to the proposed role of the epidermis in 
determining growth r a t e s (Taiz 1984, Kutschera and Briggs 1987). The in-
crease in the a c t i v i t y of PRXa during leaf development might thus be r e -
lated to a decrease in growth. Impregnation of cel l walls with l ignin-l ike 
materials resulting from the cross-linking of phenolic compounds reduces 
the capacity of cel ls to expand (Taiz 1984, Fry 1986). Recently, a similar 
function has been suggested for an anionic peroxidase in mung bean, which 
is present in epidermal cel l walls (Goldberg et al . 1987). 
At the borders between the plant body and the environment, the epider-
104 
mis plays a crucial role in protection of the plant against biotic and 
abiotic stresses. Not only lignin but also cutin and suberin may be formed 
as protective barriers under such conditions. Cutin is the structural 
component of the cuticle of all aerial plant parts and prevents excessive 
water loss (Kolattukudy 1980). Although it is merely composed of hydroxy 
fatty acids, small amounts of covalently linked phenolics, in particular p_-
coumaric and ferulic acid residues, are present. They may be involved in 
the cross-linking of cutin monomers and/or of cutin to other cell wall 
polymers, as has been proposed for suberin (Kolatukkudy et al. 1981). It 
may be that PRXa is involved in the deposition of cutin and/or suberin in 
the epidermis and in the cell walls surrounding substomatal cavities. We 
recently showed that both p-coumaric and ferulic acid are good substrates 
for PRXa (Hendriks et al. 1989a). Thus, although the exact function(s) of 
PRXa remains to be elucidated, this peroxidase shows all the characteris-
tics expected for an enzyme functioning in the rigidification of cell wall 
structures (Fry 1986). 
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Chapter 7 
The nature of the heterogeneity of petunia peroxidase a 
Theo Hendriks and Leendert C. van Loon 
Department of Plant Physiology, Agricultural University, 
Arboretumlaan 4, 6703 BD Wageningen, The Netherlands 
Abstract 
Of the three molecular forms of petunia peroxidase a, the form PRXal.l 
(37.5 kD), was retarded on columns of concanavalin A-Sepharose, whereas 
forms PRXal.2 and 1.3 (37.0 and 36.5 kD, respectively) were not. Chemical 
deglycosylation of the two fractions yielded but poorly resolved products 
of 33-35 kD. Enzymatic deglycosylation with o<-mannosidase converted PRXal.l 
and 1.2 to immunoreactive products migrating in Polyacrylamide gels at the 
position of PRXal.3. The presence of xylose, arablnose, fucose, mannose, 
glucose, and galactose was indicated by gas-chromatographic analysis. Lec-
tin affinity blotting using lectins conjugated to horseradish peroxidase 
suggested that PRXa contains small, complex-type N-glycosyl carbohydrate 
chains. These results indicate that the heterogeneity of PRXa is caused by 
differences in the terminal oc-linked mannose residues. Some o<-mannosidase 
activity was present in the apoplast of leaves, which is consistent with 
the suggestion that it may be responsible for the conversion of PRXal.l 
into PRXal.2 and 1.3 during leaf development. 
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Introduction 
Petunia peroxidase a (PRXa) is a soluble extracellular glycoprotein, 
most prominently present in the epidermis of leaves and stems (Van den Berg 
and Wijsman 1981, Hendriks and Van Loon 1989). Upon gel electrophoresis of 
extracts from these organs under native conditions PRXa is visualized as a 
fast-moving anodal group of three enzymatically active bands. Five electro-
phoretic variants, each displaying this multi-banded phenotype, have been 
described. A genetic analysis revealed that they are encoded by the codomi-
nant alleles of a single structural gene, prxA (Van den Berg and Wijsman 
1982). Thus, the molecular heterogeneity of petunia PRXa must result from 
posttranscriptional modification of a primary gene product. In emerging 
leaves of young plants and in flowers PRXa occurs in a single form, viz. 
PRXal.l, whereas the more anodal forms, PRXal.2 and PRXal.3, appear in the 
course of development in leaves and stem tissue (Van den Berg and Wijsman 
1982). These observations indicate that the modification is both organ-
-dependent and developmentally controlled. 
The electrophoretic variant PRXal, present in the petunia cultivar 
Roter Vogel, was purified and its three molecular forms were shown to have 
the same isoelectric point (3.8), but to differ slightly in molecular 
weight (PRXal.l, 37.5 kD; PRXal.2, 37.0 kD and PRXal.3, 36.5 kD) (Hendriks 
et al. 1989a,b). These differences were correlated with differences in the 
affinity for concanavalin A (ConA)-Sepharose, PRXal.l being retarded more 
strongly than PRXal.2 and PRXal.3. These results suggested that the hetero-
geneity of PRXa is related to its carbohydrate moiety, and that the deve-
lopmentally controlled modification of PRXa might be caused by the removal 
of sugar residues during or after its secretion into the apoplast. This 
hypothesis was tested by investigating whether the molecular heterogeneity 
of PRXa could be abolished by removal of its carbohydrate chains. 
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Materials and Methods 
Petunia PRXa 
Petunia PRXa was purified to a specific activity of 61 ukat/mg protein 
(RZ = 3.6) from extracellular extracts of leaves from the cultivar Roter 
Vogel, and stored frozen in water at -20 °C. For the analysis of its 
molecular forms affinity chromatography on Con A-Sepharose, Polyacrylamide 
gel electrophoresis under native conditions (native PAGE) and in the 
presence of 0.1 % sodium dodecyl sulphate (SDS-PAGE) and immunoblotting 
were performed as described previously (Hendriks et_ al. 1989a,b). 
Chemical deglycosylation 
Portions of 5 jug PRXa were precipitated in 80S! acetone, centrifuged for 
10 min at 10,000 x £ and dried in vacuo. To the dried pellets a mixture of 
180 ul 70% HF in pyridine and 20 ul anhydrous methanol was added (Adair et 
al. 1983) and the pellets were resuspended by vigorous whirling. After 
incubation for 15 h at 4°C the reaction was terminated by the addition of 1 
ml ice-cold distilled water. After the addition of another 5 ml of water 
the mixture was desalted by concentration to 50 jul over an Amicon YM10 
filter at 0°C. Protein in the concentrate was precipitated at 0°C by the 
addition of an equal volume of 20% trichloroacetic acid (TCA). After cen-
trifugation for 10 min at 10,000 x g_, the pellet was dissolved in 125 mM 
Tris-HCl pH6.8, containing 20% glycerol, 4% SDS, 4% 2-mercaptoethanol and 
0.005% bromo phenol blue, heated for 5 min at 100 °C and analysed by SDS-
PAGE and immunoblotting. Controls were treated similarly, except that HF 
was omitted. 
Enzymatic deglycosylation 
Portions (5 /ug) of acetone precipitated PRXa (see above) were incubated 
with endo-N-acetylglucosaminidase F (Endo-F; New England Nuclear, a gift 
from Dr. A.W. Schram) or peptide-N-glycosidase F (PNGase-F; Boehringer 
Mannheim GmbH, FRG) from Flavobacterium meningosepticum, or with °<-mannosi-
dase from jack bean (Sigma Chemical Company, St.Louis, USA), under the 
following conditions. Incubations with Endo-F (5 U) or PNGase-F (2 U) were 
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performed in 200 pi 20 mM K-phosphate buffer, containing 50 mM EDTA, 1% 
Triton X-100, 0.2% SDS and 1% 2-mercaptoethanol. The pH of the phosphate 
buffer was made either 6.0 or 8.5 for the incubations with Endo-F or 
PNGase-F, respectively. PRXa was treated either as the native enzyme or 
after denaturation by heating for 5 min at 100 °C. «K-Mannosidase was pre-
treated by desalting in 10 mM K-phosphate buffer, pH 7.2, over an Amicon 
YM10 filter. Incubations with <K-mannosidase (2 U) were performed in 200 ul 
50 mM citrate buffer, pH 4.6, containing 2 mM ZnSO*. 
All incubations were performed for 18 h at 37°C under a toluene atmos-
phere. After incubation protein was precipitated and analysed as described 
above. Controls without hydrolytic enzymes were incubated similarly. 
Determination of neutral sugar residues 
Portions of lyophylized PRXa (100 /ag) were dissolved in 250 /Jl 1 N HCl 
and hydrolyzed for various lengths of time at 100 °C in screw-capped glass 
vials (Chrompack, Middelburg, The Netherlands). After hydrolysis the solu-
tion was evaporated to dryness in a Speedvac concentrator (Savant) at 60 
°C. The residue was taken up in 250 ul of 1 M NHAOH containing 8 mg NaBH* 
per ml. After 1 h incubation at room temperature 25 pi glacial acetic acid 
and 600 pi anhydrous methanol were added, and the mixture was evaporated 
to dryness. The remainder of the reagents was removed by three cycles of 
resuspension in 500 ul 10% acetic acid in methanol, followed by evaporation 
to dryness. Thereafter, the reduced sugars in the dry residue were conver-
ted into their trimethylsilyl derivatives by adding 100 ul Dériva Sil 
(Chrompack), closing the vials and keeping them for 30 min at room tempera-
ture. A standard mixture of 40 nmoles each of the sugars xylose, fucose, 
mannose, glucose and galactose was treated similarly. Hydrolysis for 3 h 
proved to be optimal, longer incubations or higher concentrations of HCl 
leading to conversion of sugars in the standard mixture. 
Analysis was performed on a Perkin Elmer 8320 gas Chromatograph equip-
ped with a flame ionization detector, using a 50 m CP Sil 5CB fused silica 
column with an internal diameter of 0.32 mm and a film thickness of 0.13 urn 
(Chrompack). About 3 ^il of the samples were injected and the split ratio 
was 1:50. The injector was held at 275 °C and the linear velocity of the 
carrier gas helium was 32 cm.s at an inlet pressure of 85 kPa. The 
column temperature was first raised from 165 °C to 170 °C at a linear rate 
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of 0.5 °C.min-1, and after another 9 min raised to 185 °C (5°C.min-1) and 
kept at this temperature for 13 min. Detector temperature was 300 °C. 
Lectin-affinity blotting 
The horseradish peroxidase (HRP)-conjugated lectins concanavalin A (Con 
A), Limulus polyhemus agglutinin (LPA), Ulex europaeus agglutinin I (UEA-
I), Ricinus communis agglutinin I (RCA-I), Griffonia simplicifolia aggluti-
nin II (GSA-II) and wheat germ agglutinin (WGA) (E.Y laboratories, San 
Mateo, USA) were a gift from Dr. A.W. Schram. 
Portions of about 2.5 /jg PRXa were precipitated in 8035 acetone con-
taining 0.5So HCl. This treatment removes the heme group, thereby inactiva-
ting the enzyme (Shannon et al. 1966). The protein pellets were collected 
by centrifugation for 10 min at 10.000 x cj, dried in vacuo and dissolved in 
10 pi demineralized (demi) water, after which the solutions were spotted on 
nitrocellulose membranes (Millipore). After drying, the blots were blocked 
by immersion for 1 h in 10 mM Tris-HCl, pH 7.4, containing 0.15 M NaCl 
(TBS) and 1% bovine serum albumin (BSA) and further incubated for 15 h in 
1 ml TBS containing 1% BSA and 10 ug peroxidase-conjugated lectin. For the 
incubations with LPA- or Con A-HRP, the TBS was suplemented with 1 mM 
CaCl? and a mixture 1 mM CaCl? and 1 mM MnClo, respectively. The blots were 
then washed three times with TBS (including MnC^ and/or CaC^ for Con A-
or LPA-HRP, respectively), and stained for peroxidase activity as described 
previously (Hendriks et al. 1989b). Control incubations were performed 
either in the presence of 0.2 M of the lectin-specific inhibiting sugars «-
D-mannose (Con A), <^ -L-fucose (UEA-I), ^ -D-galactose (RCA-I), N-acetyl-^-D-
glucosamine (GSA-II and WGA), or in the absence of CaC^ (LPA). 
Analysis of extracellular extracts 
Extracellular extracts from leaves of 8-months-old plants were obtained 
as described previously (Hendriks et al. 1989a), except that the infil-
trated water was centrifuged from the leaves for 15 min at 150 x £ rather 
than 30 min at 200 x g_. 
Peroxidase activity was measured as described previously (Hendriks et 
al. 1989a). -K-Mannosidase activity was determined spectrophotometrically at 
410 nm with p-nitrophenyl-</-D-mannoside as the chromogenic substrate (1 
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mg/ml) in 50 mM citrate buffer, pH 4.6, containing 2 mM ZnC^ (Boiler and 
Kende 1979). 10 ^il of extract was incubated for 30 min at 37 °C in a final 
volume of 0.5 ml. The reaction was terminated by the addition of 2.5 ml 0.2 
M NaoCO-j. Activity was expressed as moles mannose liberated per s (kat.). 
Protein content was determined according to Bradford (1976), using 
bovine gamma globulin as a standard. 
Results 
Deglycosylation by HF-pyridine 
It was demonstrated elsewhere (Hendriks et al. 1989a) that the three 
molecular forms of PRXa have different affinities for Con A-Sepharose, even 
though they are all eluted from columns in the absence of mannose or 
glucose. This weak reactivity was exploited for separating the molecular 
forms for further analysis. Affinity chromatography yielded two well-sepa-
rated fractions (Fig. 1). The first fraction, having negligible affinity 
for Con A, contained the two smaller molecular forms PRXal.2 and 1.3, 
whereas the larger form PRXal.l was retarded and eluted in the second 
fraction (cf. Fig. 3). To assess whether PRXal.2 and 1.3 differ from 
PRXal.l by the absence of sugars specifically involved in the binding to 
Con A, it was investigated as to how far the heterogeneity of the enzyme 
could be abolished by removal of the carbohydrate chains. To this end, both 
total PRXa and PRXal.l were subjected to chemical deglycosylation by HF. 
This treatment converted PRXa, containing all three forms, to an immunore-
active product of lower molecular weight, which upon SDS-PAGE migrated as a 
broad band in the region of 33-35 kD, well below the position of PRXal.3 
(36.5 kD) (Fig 2). The product of PRXal.l occupied a similarly broad area, 
suggesting that the treatment either had not been fully effective in remo-
ving all carbohydrate residues, or had led to some degradation of the 
protein part of the enzyme. The width of the band obscured any differences 
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Fig. 1. Affinity chromatography of PRXa on Concanavalin A-Sepharose. A. 
One mg PRXa was applied to a Con A-Sepharose column (0.7 x 9 cm) and eluted 
with 50 mM sodium acetate buffer, pH 6.0, containing 0.5 M NaCl, 1 mM 
MnCl2, 1 mM MgCl2 and 1 mM CaCl2, at a flow rate of 0.5 ml per min. 
Fractions of 3 ml were collected. Fractions 1-5 (open symbols) and 6-25 
(closed symbols) were pooled and reapplied to the same column, yielding 
elution patterns B and C, respectively. 
Enzymatic deglycosylation 
To avoid the harsh conditions necessary for chemical deglycosylation, 
enzymatic hydrolysis was attempted, using either Endo-F er PNG-F. These 
enzymes are capable of removing N-glycosyl carbohydrate chains either 
completely (PNGase-F) or by hydrolysis of the linkage between the two N-
-acetylglucosamine residues of the inner core (Endo-F) (Montreull et al. 
1986). No changes in electrophoretic mobility were observed when either 
native or denatured PRXa was incubated with Endo-F or PNGase-F (not shown). 
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Apparently, the configuration of the carbohydrate chains in PRXa is such 
that they resist the hydrolytic activity of these enzymes. However, upon 
incubation of native PRXa with jack bean «<-mannosidase the three molecular 
forms of PRXa were reduced to a single band occupying the position corres-
ponding to that of PRXal.3. This result was confirmed using the two frac-
tions separated by affinity chromatography on Con A-Sepharose (Fig. 3). 
Thus, the carbohydrate chain(s) contain(s) ^ -linked mannose in a terminal 
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Fig. 2. Chemical deglycosylation of PRXal and PRXal.l. PRXal and PRXal.l 
were treated with (+) or without (-) 70 % HF in pyridine (see Materials and 
Methods). After the treatments the proteins were analysed by SD5-PAGE 
followed by immunoblotting using an antiserum specific for PRXa. The 
positions of the marker proteins Phosphorylase b (94 kD), bovine serum 
albumin (67 kD), catalase (60 kD), ovalbumin (43 kD), lactate dehydrogenase 
















Fig. 3. Enzymatic deglycosylation of PRXa by «x-mannosidase. PRXal and i t s 
molecular forms PRXal.l and PRXal.2 + 1.3, separated by a f f i n i t y chromato-
graphy on Con A-Sepharose (see F ig . 1) were incubated w i t h (+) or w i thout 
(-) jack bean «-mannosidase (see Mate r ia l s and Methods). Products were 
analysed by SDS-PAGE and immunoblotting as in Figure 2. 
Carbohydrate analysis 
Since i t was not possible to remove the carbohydrate chains with Endo-F 
or PNGase-F, chemical hyd ro lys i s of PRXa was ca r r i ed out . The sugars r e -
leased were reduced and analysed as t h e i r t r i m e t h y l s i l y l ethers by gas 
chromatography. Preliminary resul ts indicated that besides mannose, xylose, 
arabinose, fucose, glucose and galactose were present (F ig . 4). These 
observations point to PRXa possessing carbohydrate chains of the complex 
type (Johnson and Chrispeels 1987). 
Lec t i n -a f f i n i t y analysis 
The nature of the carbohydrate chains was further analysed by l ec t i n -
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-affinity blotting, using lectin HRP-conjugates which specifically recog-
nize certain sugar configurations (Table 1). PRXa only reacted with UEA 
(Table 1), indicating that the carbohydrate chain(s) contain(s) a fucose 
that must be linked to the first N-acetylglucosamine residue in the inner 
core. The other lectins tested, including Con A, did not show affinity, in 
Fig. 4. Gas chromatographic analysis of neutral sugars released from PRXa 
by acid hydrolysis. PRXa (A) or a standard mixture of sugars (B) in 1 N HCl 
was heated at 100 °C at 100 °C for 3 h. Sugars were reduced, derivatized 
to their trimethylsilyl ethers and analysed by gas chromatography (see 
Materials and Methods for details). Peak _1, xylose; peak 2, fucose; peak 3, 
mannose; peak 4, glucose; peak 5, galactose. The peak marked x in A was 
identified as arabinose in a separate experiment (data not shown). 
spite of the fact that PRXa showed a weak interaction with Con A-Sepharose 
(Fig. 1) and both mannose and glucose, as well as galactose were found to 
be present by gas-chromatographic analysis (Fig. 4). Apparently, PRXa 
carbohydrate chains lack the structural features required for recognition 
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by the lectins (reviewed by Montreuil et al.1986). The possibility that 
the lectins did not have access to the carbohydrate chains because of 
steric hindrance of the protein seems unlikely in view of the positive 
reaction with UEA. Sialic acid has never been detected in plant glycopro-
teins, and the absence of a reaction with LPA fits this observation. The 
lack of affinity for Con A may be due to the presence of a xylose linked to 
the o(-linked mannose in the inner core. WGA and GSA-II are both specific 
for N-acetylglucosamine, but have different affinities for carbohydrate 
chains containing this sugar. WGA specifically recognizes the two N-acetyl-
glucosamines in the inner core, except when fucose is linked to the first 
residue, whereas GSA-II recognizes N-acetylglucosamine only when present in 
a terminal non-reducing position. RCA would have reacted when galactose was 
present at a terminal position linked to N-acetylglucosamine. These results 
suggest that the carbohydrate chain(s) of PRXa is (are) very similar to 
the small, complex-type carbohydrate chains in other plant glycoproteins, 
including HRP (McManus et_ al. 1988). 
Table 1. Lectin affinity blotting of PRXa. 
Inactivated PRXa was spotted on nitrocel-
lulose filters and incubated with the 
lectin-HRP conjugates. Binding was ana-
lysed by staining for HRP activity. 
Lectin Sugar specificity PRXa affinity 





LPA Sialic acid 
Endogenous o<-mannosidase activity in petunia 
To assess whether the developmentally controlled appearance of PRXal.2 
and 1.3 in leaves and stems can result from «<-mannosidase action in vivo, 
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the occurrence of this enzyme in leaves was determined. Since PRXa is loca-
lized in the apoplast and apoplastic °<-mannosidase has been reported from 
bean cotyledons (van der Wilden and Chrispeels 1983), extracellular ex-
tracts were prepared and tested for °<-mannosidase activity. In order to 
avoid cytoplasmic contamination even more than in previous experiments 
(Hendriks e_t al. 1989a), both the length and the speed of the centrifuga-
tion step were reduced. The extracellular extracts thus obtained, con-
tained 6 - 12 % of the total water-soluble peroxidase activity present in 
leaves (Table 2), no more than half the amount usually recovered. Although 
95 % or more of the <K-mannosidase activity was retained in the leaf tissue 
under these conditions, extracellular extracts did contain soluble •>(-
-mannosidase activity (Table 2). Whereas the total extractable o<--mannosi-
dase activity increased with leaf age, the actual amount in extracellular 
extracts was fairly constant. In view of the precautions taken and the 
relatively high specific activity of the enzyme in extracellular extracts, 
particularly in the young leaves, this part of the of the °<-mannosidase 
activity appears to be truly apoplastic. Thus, it is possible that the 
forms PRXal.2 and 1.3 are generated jjn situ by <K-mannosidase action. 
Discussion 
Different methods were used to probe the nature of the carbohydrate 
chains of petunia PRXa and to test the suggestion, based on the differen-
tial interaction of its three molecular forms with Con A-Sepharose, that 
its heterogeneity resides in the carbohydrate moiety. According to Lamport 
(1980), HF deglycosylates glycoproteins carrying N-glycosyl carbohydrate 
chains, leaving only one or both N-acetyl glucosamines that are part of the 
inner core. The heterogeneity of the products formed from PRXa and PRXal.l 
might be explained if both types of hydrolysis occurred at more than one 
carbohydrate chain. The failure of Endo-F to deglycosylate PRXa by hydroly-
zing the link between the two N-acetylglucosamine residues in the inner 
core is indicative of the presence of a fucose residue at the innermost N-
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affinity of PRXa for WGA (Montreuil et al. 1986). Although PNGase-F readily 
deglycosylates glycopeptides by hydrolyzing the linkage between asparagine 
and the inner core (Ishihara et_ al. 1979), failures of PNGase-F to deglyco-
sylate intact glycoproteins have been reported (Tarentino and Plummer 
1982). According to Tarentino and Plummer (1982) the presence of SDS and 2-
-mercaptoethanol would increase the susceptibility of intact glycoproteins 
to deglycosylation. However, even under these conditions no differences in 
the electrophoretic pattern of PRXa were observed. 
The removal of the heterogeneity by jack bean <*-mannosldase suggests 
that the three molecular forms of PRXa differ only in the number of « -
linked terminal mannose residues. This explanation is consistent with their 
differential retardation during affinity chromatography on Con A-Sepharose. 
The presence of extracellular <<-mannosidase activity in petunia leaves 
suggests that in vivo conversion of PRXal.l to PRXal.2 and 1.3 can occur 
in the apoplast. If so, this conversion must happen in at least two steps, 
leading to PRXal.2 and 1.3, respectively. The three molecular forms appear 
to differ by about 500 dalton. (Hendriks et_ al. 1989b, cf. Fig. 3). 
Although differences in molecular weight determined by SDS-PAGE may not be 
valid for sugar chains, it is tempting to speculate that each step in the 
modification of PRXal.l involves the loss of two or three mannose residues 
through either the simultaneous removal of one mannose residue from two or 
three chains, or the successive removal of two mannose residues from each 
of the chains. Which mechanism is operating jjn vivo will depend on either 
the accessibility of the carbohydrate chains or the specificity of the <*-
mannosidase involved, or both. For instance, jack bean <*-mannosidase hydro-
lyses a Man(«.l-3)Man linkage 15-fold slower than Man(°<l-2)Man or Man(«l-
6)Man linkages (Montreuil e_t al. 1986). The number of the carbohydrate 
chains of petunia PRXa remains to be established. A peroxidase in tobacco, 
homologous to petunia PRXa (Hendriks et al^  1989b), may contain up to four 
carbohydrate chains as deduced from its amino acid sequence (Lagrimini et 
al. 1987). 
Differences in the number of mannose residues as determinants of diffe-
rences in electrophoretic mobility of peroxidases have also been described 
by Gaudrealt and Tyson (1988). These authors eliminated differences in 
the electrophoretic mobility of peroxidase isoenzymes in two flax geno-
trophs by °<-mannosidase digestion. Moreover, the heterogeneity of at least 
one of the isoenzymes was abolished, similar to our observation for petunia 
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PRXa. 
The lectin-affinity studies suggest that PRXa contains small complex-
type carbohydrate chains, similar to those found in HRP (McManus et al. 
1988). The main form of carbohydrate chain in this latter enzyme has the 
structure Man 3(Man 6)(Xyl 2)Man 4GlcNac 4(Fuc 3)GlcNac, which is very 
similar to that found in stem bromelain (Ishihara et al. 1979), and other 
plant glycoproteins (cf. Faye et al. 1988). However, in addition to man-
nose, fucose and xylose, petunia PRXa appeared to contain also glucose, 
galactose and arabinose. Similar observations have been reported for plant 
peroxidases by other workers (Shannon et al. 1966, Choy et al. 1979). The 
origin of these sugars is not clear. On the one hand, they may be artifacts 
caused by the procedure used for purification of the enzyme. On the other 
hand, these sugars may be original constituents, not as part of N-glycosyl 
carbohydrate chains, but as covalently linked cell wall residues e.g. from 
pectins. Being localized extracellularly, PRXa is in close contact with 
cell-wall components, and may function in cross-linking of several of these 
components via diphenyl bridges (Fry 1986). 
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Chapter 8 
Attempts to obtain a cDNA clone of petunia peroxidase a mRNA 
Abstract 
Poly(A)+-RNA isolated from leaves of Stimoryne hybrids cv. Roter Vogel was 
used to construct a cDNA library in the bacteriophage \gtll. The library 
was screened with an antiserum against PRXa and with a mixed oligonucleo-
tide probe based on the conserved amino acid sequence around one of the 
histidine residues involved in the binding of the heme group in other 
plant peroxidases. A possible precursor of PRXa was identified by immuno-
precipitation of the products formed during in vitro translation of the 
poly(A)+-RNA. An extended product of about 110 nucleotides was detectable 
after using the mixed probe to prime reverse transcription of the poly(A)+-
RNA. These experiments suggested that peroxidase mRNA was present at a low 
concentration in petunia leaf poly(A)+-RNA. No positive clones were detec-
ted by screening the leaf cDNA library with the antiserum or the oligo-
nucleotide probe, nor by screening a corolla-specific cDNA library (Van 
Tunen et al. (1988), EMBO J. 7, 1257-1263) with the antiserum. 
Introduction 
The gene prxA in petunia encodes the peroxidase isoenzyme PRXa, which 
occurs in stem, leaves and petals but is virtually absent from roots (Van 
den Berg and Wijsman 1981, Van den Berg e_t a^. 1984c). The gene is located 
on chromosome III and up to now seven alleles have been described (Van den 
Berg and Wijsman 1982, Van den Berg et al. 1983, 1984a). The alleles prxAl-
5^  encode the allozymes PRXal-5, which are characterized by their different 
electrophoretic mobilities on gels, as well as by differences in their 
pattern of increase during leaf development (Van den Berg £t ail. 1983). The 
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alleles prxA6 and A7 code for isoenzyme variants displaying the same elec-
trophoretic mobilities as PRXal and a5, respectively, but are distinguished 
again by differences in their temporal expression (Van den Berg et al. 
1984a). In addition, it has been found that the expression of prxA6 is 
influenced in trans by the gene Rp2, also located on chromosome III (Van 
den Berg ert al. 1984a, Hendriks £t al. 1985b). Whereas differences in elec-
trophoretic mobility, as well as in specific activity of the allozymes (Van 
den Berg et al. 1984b) are caused by variations in the structural part of 
the gene, their differential time of appearance and rate of increase in the 
developing leaf are likely to be the result of differences in the regulato-
ry regions. To study the regulation of the organ-specific, developmental-
ly-controlled expression of prxA, cloning of this gene is desirable. To 
this end, it was attempted to obtain a cDNA clone of PRXa mRNA. 
In leaves of peanut, the major extracellular peroxidase is synthesized 
at a rate of 0.2 % of total protein synthesis (Chibbar and Van Huystee 
1983), and may, therefore, be translated from a moderately abundant mRNA. 
In petunia, PRXa activity is relatively high in leaves and increases quick-
ly during leaf expansion. Assuming that this increase in enzymatically 
active protein is controlled at the transcriptional level, expanding leaves 
are likely to be a good source of PRXa mRNA and, hence, for preparing and 
screening a cDNA library. Several strategies for cDNA cloning and the 
detection of the clone of interest have been described (Maniatis et al. 
1982). A common strategy is the cloning of cDNA in a bacterial plasmid or 
bacteriophage and screening with synthetic oligonucleotide probes based on 
the amino acid sequence of the protein. An alternative strategy is based on 
screening for the protein in an expression library by use of a specific 
antiserum (Young and Davies 1983). 
The lack of information on the amino-acid sequence of PRXa, on the one 
hand, and the availibility of a specific antiserum (Hendriks et_ al. 1989b), 
on the other hand, compelled us to construct an expression library, and the 
bacteriophage Xgtll was chosen for this purpose (Young and Davies 1983). 
Reverse-transcribed cDNA is inserted in this vector in a unique EcoRI 
cloning site within lac Z, the structural gene of E. coli (i-galactosidase. 
Upon infection of E. coli Y1090 (lacZ~) insertion of a cDNA is manifested 
by the absence of inducible (j-galactosldase activity. Using the chromogenic 
substrate 5-bromo-4-chloro-3-indolyl-(i-D-galactopyranoside (X-gal) of the 
enzyme, plaques from recombinant phages remain white, whereas plaques from 
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phage without inserts are blue. Upon induction, RNA transcripts are made 
that consist of the 5' region of the mRNA for (i-galactosidase fused to 
sequences corresponding to the cloned mRNAs. These mRNAs are translated 
into fusion proteins containing amino acid sequences of both ç>-galactosi-
dase and polypeptides derived from each of the six possible reading frames 
(three in each orientation) of the cDNA transcripts. Only one out of these 
six is correct, i.e. gives rise to a fusion protein carrying the sequence 
of the translation product of the cellular mRNA. Assuming that an antiserum 
raised against the protein of interest will also recognize the fusion 
protein, plaques can be transferred to membrane filters and immunoscreened 
in order to identify those clones that contain the corresponding cDNA. This 
procedure was adopted to screen a cDNA library of poly(A)+-RNA from petunia 
leaves. 
Materials and Methods 
Plant material 
Petunia (Stimoryne hybrida (Hook) Wijsman cv. Roter Vogel, line R27) 
was grown in a greenhouse as described previously (Hendriks et_ al. 1985a). 
For RNA extraction, almost fully-grown leaves were harvested from 3-months-
old plants. 
Isolation of poly(A)+-RNA 
Extraction of total RNA and the isolation of the poly(A)+-containing 
fraction were performed as described in detail by Hooft van Huysduynen et 
al. (1986). 60 g leaves yielded 22 mg RNA, from which 244 ^ig poly(A)+-RNA 
(1.4 %) was obtained by affinity chromatography on poly(U)-Sepharose (Phar-
macia) . 
In vitro translation 
5-10 ^ ig RNA was translated in vitro in the presence of about 3 x 10 
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dpm -'S-methionine (1330 Ci/mmol) (Amersham), using the rabbit reticulo-
cyte lysate (nuclease-treated) and amino acid mixture (without methionine) 
from Serva, according to the manufacturer's directions. Translation pro-
ducts corresponding to PRXa were immunoprecipitated with a polyclonal, 
specific antiserum (Hendriks et^  al. 1989b) and protein A (Prot A)-Sepharose 
(Pharmacia) either in the presence of detergents, essentially as described 
by Hooft van Huysduynen et al. (1986), or in their absence according to 
Hendriks et^  al. (1989b). In some experiments immunoprecipitation was per-
formed in the presence of purified petunia PRXa. Translation products 
before and after immunoprecipitation were analyzed by electrophoresis in 
12.5 % Polyacrylamide gels containing 0.1 % SDS (SDS-PAGE), followed by 
electroblotting on nitrocellulose filters (Millipore) and autoradiography 
of the blot. 
Construction of cDNA libraries 
Starting with 0.4 pg poly(A)+-RNA, double-stranded, blunt-end cDNA was 
prepared according to Gubler and Hofman (1983), using the Amersham cDNA 
synthesis system. cDNA yield varied between 15 and 45 %. The cDNA was 
methylated with EcoRI methylase (Promega) to protect internal restriction 
sites, ligated with EcoRI-linkers, and digested with EcoRI. The products 
were freed from cut fragments by gel filtration, ligated between Xgtll arms 
(Promega) and packaged in phage using the Amersham ^ gtlO kit. The library 
was titrated on Ej_ coli Y1090 (Promega) and bacteria plated in 4 ml LB soft 
agar (0.8 So) containing 10 mM MgC^ and supplemented with 20 pi isopro-
pyl-6 -D-thiogalactopyranoside (IPTG) stock solution (20 mg/ml) and 25 pi 
X-gal stock solution (40 mg/ml in dimethylformamide). Cloning and packaging 
efficiencies were checked using positive control DNA provided by Promega 
(Promega Biotec Technical Bulletin 006). Recombination efficiency was 8 x 
10 plaque forming units (pfu)/ pq control DNA and 4 x 10 pfu/ pg petunia 
cDNA, as determined from the number of white (recombinant) and blue pla-
ques. In the petunia cDNA library about 90 % of the clones contained 
inserts, whereas in the control experiment this was 99 %. 
Screening for PRXa-specific clones 
A petunia cDNA library of 3.1 x 10 pfu was screened with the antiserum 
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against PRXa (Hendriks et al. 1989b) according to the ProtoBlot immuno-
screening system of Promega (Promega Notes 3 1985). To avoid cross-reac-
tions, the antiserum was preabsorbed with lysed cells of E. coli Y1090. 
Plaque-lifts using nitrocellulose membrane filters (Millipore) were perfor-
med in duplicate, incubated for 2 h with the antiserum against PRXa, then 
for 2 h with goat-anti-rabbit serum conjugated with either horseradish per-
oxidase (Nordic), or alkaline phosphatase (Promega). Staining for peroxi-
dase and alkaline phosphatase was performed as described previously (Hen-
driks et al. 1989b). 
The library was amplified by submerging the plaques in 20 mM Tris-HCl, 
pH 7.5, containing 0.1 M NaCl, 8 mM MgS04 and 0.01 % gelatin. After ampli-
fication to 5 x 10 pfu, 8 x 10 pfu (66 % of which contained inserts) 
were screened with the mixed oligonucleotide probe. Plaque-lifts (Hybond; 
Amersham) were incubated for 20 min in a solution containing 0.5 M NaOH and 
1.5 M NaCl, 20 min in 0.3 M Tris-HCl, pH 7.6, containing 1.5 M NaCl, 
scrubbed with rubber gloves in 2 x SSC (0.3 M NaCl, 30 mM Na-citrate, pH 
7.0), baked for 3 h in vacuo at 80 °C, prehybridized overnight at 37 °C in 
6 x SSC containing 0.2 % Ficoll, 0.2 % polyvinylpyrrolidone, 0.2 % bovine 
serum albumin, 0.05 % Na-pyrophosphate, 0.5 % SDS and 0.1 mg/ml herring 
sperm DNA, and finally hybridized for 24 h at 37 °C with 6 pg/ml of the 
^P-labeled probe (see primer extension) in 6 x SSC containing the same 
constituents as the prehybridisation mixture, except for the presence of 
0.5 mg/ml herring sperm DNA. After hydridization, the filters were washed 
in 6 x SSC containing 0.05 % pyrophosphate for 1 h at 37 °C and for 10 min 
at 42 °C, and subsequently analysed by autoradiography. 
Primer extension 
The oligodeoxynucleotides 5'd(AC(A/G)AA(A/G)CA(A/G)TC(A/G)TG(A/G)AA)3' 
(prepared by Centrachemie, Etten-Leur, The Netherlands; ref. code 
870220.01.017 M), corresponding to conserved amino acid sequences of per-
oxidases from horseradish and turnip were end-labeled with P-ATP (Mania-
tis et al. 1982) and used as primer in first-strand cDNA synthesis with 
poly(A)+ mRNA as template, essentially according to Gubler and Hofman 
(1983). Extension products were analysed by electrophoresis on a 6% Poly-
acrylamide gel containing 8 M urea, followed by autoradiography of the 
dried gel (Maniatis et al. 1982). 
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Results 
In vitro translation and immunoprecipitation 
In vitro translation of total and poly(A)+-RNA yielded essentially the 
same set of products, with a wide range of molecular weights (Fig. 1). In 
the presence of the antiserum against PRXa bound to Prot A-Sepharose, a 
range of products was immunoprecipitated only in the absence of detergents 
(Fig. 2). Most of these products were also detected when immunoprecipita-
tion was performed in the presence of an excess of purified PRXa protein 
(Fig. 2), indicating that their reaction with the antiserum (or Prot A) was 
non-specific. However, one rather minor band was not apparent when even a 
small amount of purified PRXa was present, suggesting that it might be 
related to PRXa (Fig. 2). This product had an apparent molecular weight 
similar to that of PRXal.l (37.5 kD). Since PRXa is glycosylated and the 
deglycosylated protein has been estimated to possess a molecular weight of 
about 35 kD (Hendriks and Van Loon 1989), the reactive band could be a 
precursor, requiring processing for its secretion into the apoplast. Quan-
titatively the total immunoprecipitated fraction accounted for about 0.01 % 
of the radioactivity incorporated into TCA-precipltable products (data not 
shown). Taking into account the amount of non-specific binding, it must be 
concluded that only a very small amount of PRXa mRNA is probably present in 
poly(A)+-RNA of petunia leaves. 
Immunoscreening 
The cDNA used for the construction of the library in Agtll ranged from 
0.2 to 4 kb in size, the largest portion being between 0.5 and 1 kb 
(Fig. 3). By screening 3.1 x 10 plaques with the antiserum against PRXa, no 
positive clones were detected. 
Since PRXa is present not only in leaves but also in petals, an 
amplified cDNA library constructed from poly(A)+-RNA from petunia corollas 
by Van Tunen et al. (1988) was screened likewise. Originally this library 
contained 175,000 recombinants, representing about 70 % of the total pfu 
(A. van Tunen, personal communication). However, amplification of the 
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Fig. 1. In vitro translation of total RNA and poly(A)+-RNA from petunia 
leaves. Equal amounts (6 /jg) of (lanes 2-5) total RNA and (lanes 6-9) 
poly(A)+-RNA were translated ir^  vitro using a rabbit reticulocyte lysate 
and S-methionine as the radioactively labelled amino acid. Samples of 2 
pi were taken after (lanes 2, 6) 10 min, (lanes 3, 7) 20 min, (lanes 4, 8) 
30 min, and (lanes 5, 10) 60 min and subjected to SDS-PAGE, followed by 
electroblotting and autoradiography. As a control (lane 1) 0.5 pg brome 
mosaic virus RNA was translated for 60 min. PRXa was run on the same gel as 
a marker and its position, deduced by immunoblotting, is indicated. 
original library had resulted in a considerable loss in the relative number 
of recombinants, since only about 13 % of the plaques were from recombinant 
phages. About 10 plaques were screened but, again, no positive clones were 
detected. 
Screening with an oligonucleotide probe 
In view of the negative results of immunoscreening and the probable 
low abundance of PRXa mRNA, an oligonucleotide probe was designed on the 
basis of the conserved amino-acid sequence around one of the histidine 
residues involved in the binding of the heme group in peroxidases from 
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Fig. 2. Analysis of the proteins immunoprecipitated after in vitro transla-
tion of poly(A)+-RNA. About 10 pg of poly(A)+ mRNA was translated in a 
rabbit reticulocyte lysate in a total volume of 120 pi using -^S-methionine 
as the radioactively labelled amino acid. After translation (60 min at 30 
°C) 8 pi of the mixture was precipitated in 10 % TCA and centrifuged for 10 
min at 10,000 x £. The pellet was dissolved in SDS-sample buffer and 
subjcted to SDS-PAGE (lane 1). Of the remainder of the translation mixture, 
four samples of 25 pi each, were immunoprecipitated with Prot A-Sepharose 
saturated with antiserum against PRXa (lanes 2 - 4), in the absence (lane 
2) or in the presence of 5 jug (lane 3) or 50 pg (lane 4) purified (cold) 
PRXa, or with Prot A-Sepharose alone (lane 5). The precipitates were washed 
with 20 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, taken up in equal 
volumes of SDS-sample buffer and subjected to SDS-PAGE, followed by elec-
troblotting and autoradiography. The position of PRXa is indicated, and the 
specifically reacting band is arrowed. 
horseradish and turnip (Welinder and Mazza 1977)(Fig. 4). A mixed oligo-
nucleotide probe was synthesized and used for both primer extension analy-
sis and screening of the Xgtll library. Gel electrophoretic analysis of the 
products formed after primer extension, revealed the presence of an oligo-
nucleotide with a length of about 110 bases (Fig. 5). This indicated that 
at least one of the constituents of the mixed probe functioned as a primer, 
and suggested that the extended product could represent a DNA copy of 
peroxidase mRNA. The cDNA was very weakly labelled, confirming our previous 
conclusion that the abundance of peroxidase mRNA must be low. For that 
reason, the original \gtll library was amplified and the amplified library 
was screened with the oligonucleotide probe under non-stringent conditions. 
However, also in this way, out of 8 x 10 plaques, no positive clones were 
detected, indicating that either the library was not representative, 
lacking cDNAs for peroxidases, or that the method of screening was still 
not sufficiently sensitive. 
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Fig. 3. cDNA synthesized from poly(A)+-RNA. cDNA synthesized in the presen-
ce of ( P)-CTP was subjected to electrophoresis in 1 % agarose, followed 
by autoradigraphy of the gel after drying. The products were analyzed 
either undiluted (a) or diluted 1/100 (b). The gel was calibrated with \x 
Hind III restriction fragments as molecular size markers. 
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a. -Ile-Leu-Arg-Leu-Hisj-Phe-His-Asp-Cys-Phe-Val 
b. - + + + + -Phe 
c. -Leu-Ile- + + + 
d. -Leu-Ile- + + + 
e. -Leu-Ile- + + + 
B 
+ + + + + + 
+ + + 
+ + + + + + ••! 
+ + + + + 
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Asn-Gly-Cys-Asp-Ala-Ser-
+ + + + -Gly- + 
+ + + + -Gly- + 
Lys- + + + -Gly- + 
+ + + + + + 
mRNA sequence 
cDNA(ds) of mRNAs 
mixed cDNA probe 
5' UUU CAU GAU UGU UUU GUC 3' 
G G G G G A 
G 
3 ' AAA GTA CTA ACA AAA CA- 5 ' 
G G G G G 
5 ' TTT CAT GAT TGT TTT GT- 3 ' 
C C C C C 
3 ' AAA GTA CTA ACA AAA CA 5 ' 
G G G G G 
Fig. 4. Design of a putative plant peroxidase-specific oligonucleotide 
probe. (A). Part of the amino acid sequences around the d i s t a l h i s t i d i n e 
residue i n horseradish peroxidase C (ja) and the t u r n i p peroxidases P7 (b) 
and P l -3 (c-e) (data from Welinder and Mazza (1977)). The boxed sequences 
are the highly conserved amino acid sequences around h is t id ine 42 used to 
(B) design a pu ta t i ve p lant peroxidase spec i f ic oligonucleotide probe to 
screen cDNA l i b ra r i es . 
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Discussion 
The low amount of radioactivity associated with putative peroxidase-
specific products after in-vitro translation or primer extension, as well 
as the absence of plaques containing immunoreactive protein or cDNA hybri-
dizing with the oligonucleotide probe, suggest that the amount of peroxi-
dase mRNA in petunia leaf tissue is very low. It could also be that the 
antiserum against PRXa has only weak affinity for enzyme precursors or does 
not recognize the ^ -galactosidase-PRXa fusion protein, and that the oligo-
nucleotide probe did not contain the correct sequences for hybridization 
with the petunia peroxidase cDNA. The last possibility appears unlikely, 
however, because, after these experiments were completed, two peroxidases 
from different Solanaceae were cloned and shown to contain the conserved 
amino acid sequence shown in Figure 4 (tobacco peroxidase: Lagrimini et al. 
1987; potato peroxidase: Roberts et_ ai. 1988). 
According to Kamalay and Goldberg (1980), tobacco leaves contain about 
27,000 different mRNAs; 95 % of these represent mRNAs of low abundance 
(approximately 10 copies/cell), and together they account for only 20 % of 
the total mRNA population. In order to clone one of these low-abundant 
mRNAs with 99 % probability, almost 6 x 10 clones are required (cf. 
Maniatis et al. 1982). As outlined in the introduction, for screening an 
expression library with an antiserum this number has to be at least six-
fold higher. If one assumes that petunia leaf mRNA has a similar complexity 
as tobacco, these calculations indicate that if PRXa mRNA is of low abun-
dance in petunia leaves and corollas, the \gtll libraries screened were not 
sufficiently large to statistically include at least one PRXa-specific 
cDNA. 
Recently, Lagrimini £t al_. (1987) obtained )igtll cDNA clones of two 
homeologous peroxidase isoenzymes in tobacco, which were previously shown 
to be closely related to petunia PRXa (Hendriks et^  al. 1989b). The tobacco 
peroxidases were purified from leaf tissue and represented about 0.01 % of 
the total soluble protein. Using a mixed 26-mer oligonucleotide, based on 
the amino acid sequence of a CNBr-peptide from the peroxidase, as probe, 
these authors screened a library constructed from poly(A)+-RNA from tobacco 
leaves and consisting of 2 x 10 recombinant phages. Eighteen positive 
clones were identified. The tobacco peroxidases thus represented about 0.01 






Fig. 5. cDNA synthesis from poly(A)+-mRNA with a mixed oligonucleotide 
probe as primer. 40 pg of the mixed oligonucleotide probe shown in Fig. 4 
was end-labeled with P and used as primer in first strand cDNA synthesis 
from 2 ug poly(A)+-RNA. cDNA was applied to a 6 % Polyacrylamide gel con-
32 taining 8 M urea (lane 1) next to P-end-labeled restriction fragments of 
pUC8 x Haelll used as size markers (lane 2). Bands were vizualized by 
autoradiography of the dried gel. The extension product is indicated by the 
arrow. 
also evident from the failure to detect them on Nothern blots of leaf 
poly(A)+-RNA. In contrast, in stem tissue these mRNAs were relatively 
abundant (Lagrimini et_ al. 1987). 
In leaves of 3-months-old petunia plants PRXa may represent about 60 % 
of the total peroxidase activity and about 0.03 % of the total water-
soluble protein (cf. Hendriks et_ aj_. 1989a,b). Thus, if the same ratio 
holds for petunia as for tobacco, screening of about 10 plagues with a 
specific oligonucleotide probe should have produced two possible clones. In 
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fact, more than 30 times this number were immunoscreened, suggesting that 
either PRXa mRNA is relatively less abundant in petunia than it is in 
tobacco, or the probability of detecting a positive clone by immuno-
screening is considerably less than 1/6 of that by using a nucleotide 
probe. According to Van den Berg and Van Huystee (1984), in stems of 3-
months-old petunia PRXa represents about 0.3 % of the total soluble 
protein. This suggests that the relative abundance of PRXa mRNA may be ten-
fold higher in stems as compared to leaves, assuming that in both organs 
PRXa mRNA is translated at equal rates. cDNA libraries from poly(A)+-RNA of 
petunia stems seem, therefore, better suited for obtaining a cDNA clone of 
petunia PRXa mRNA. 
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Genetical, biochemical and physiological aspects of petunia PRXa have 
been investigated. Substantial genetic variation for prxA is apparent; 7 
alleles have been recognized, each coding for a heme-containing glycopro-
tein with three enzymatically active molecular forms (Van den Berg 1984). 
Only through the genetic analysis it has been shown that these three mole-
cular forms are the products of a single gene. As shown in Chapter 7, this 
heterogeneity seems to result from a difference in the number of terminal 
mannose residues. There may, thus, not be a functional difference between 
the three forms, the smaller ones arising through limited hydrolysis of the 
sugar chains. 
The results presented in the Chapters 3 and 6 indicate that PRXa is an 
extracellular enzyme present primarily in the epidermis of the aerial 
organs, stem, leaf and flower, and relatively abundant in the epidermis of 
the stem and major veins of the leaf. Part of its activity was also as-
sociated with vascular bundles. Despite the fact that PRXa is the major 
peroxidase in petunia leaves, it can be concluded from the results presen-
ted in Chapter 9 that its mRNA is not very abundant. Since PRXa has been 
estimated to constitute about 0.03!« of the soluble protein in leaves of 3-
months-old plants, its accumulation during leaf development may be due to a 
preferential translation of its mRNA and/or to a very slow turnover of the 
enzyme protein. 
In the Chapters 4 and 7 several biochemical properties of PRXa have 
been investigated. From its catalytic properties it can be concluded that 
PRXa has the capacity to function in lignification or other cell wall 
reinforcing processes. In Chapter 5 it was shown that fast-moving anionic 
peroxidase isoenzymes in the apoplast of leaves of other Solanaceous spe-
cies are antigenically related to petunia PRXa, indicating the occurrence 
of orthologous peroxidase genes in this plant family, and suggesting a 
common function. Its localization in the apoplast and capacity to poly-
merize the lignin monomer coniferyl alcohol in vitro suggest that petunia 
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PRXa may indeed function in the lignification of cell walls. A similar 
function was proposed for the corresponding peroxidase Al in tobacco (Mader 
et al. 1986). In addition, both the petunia and tobacco peroxidase are 
abundant in stems (Van den Berg and Van Huystee 1984, Lagrimini and Roth-
stein 1987, Lagrimini et al. 1987). 
Lignin deposition occurs during xylem differentiation, formation of 
secondary cell walls upon ageing, and as a general reaction to biotic or 
abiotic stresses (Gross 1977, Hahlbrock and Grisebach 1979, Higuchi 1981). 
For this reason, increased peroxidase activities upon wounding or infection 
are usually considered to be necessary for the deposition of lignin or 
suberin (Vance et al. 1980, Bell 1981). However, as outlined by Van Loon 
(1986) and others (Bolwell 1988), lignification may be limited by the 
availability of monomeric precursors rather than by enzyme activity. An-
other regulatory step in lignin formation may be the production of hydrogen 
peroxide. Although hydrogen peroxide can be produced during peroxidase 
action (Gross 1977, Mader and Amberg-Fisher 1982, Mader and Fussl 1982), 
again the supply of substrates, e.g. malate and/or NADH (Gross 1977), may 
be limiting. Apart from lignification, peroxidases may be involved in cell-
wall rigidification through the formation of o-diphenyl cross-links between 
other cell wall polymers, such as hemicelluloses, pectins and the protein 
extensin (Fry 1986, Everdeen et_ al. 1988). 
It was shown previously that petunia PRXa is nearly absent from roots 
(Van den Berg and Wijsman 1981, Van den Berg et_ al. 1984). It seems unlike-
ly, therefore, that PRXa is the enzyme responsible for xylem differentia-
tion, even though one might envisage that in roots another peroxidase might 
fulfil this role. Being particularly abundant in the epidermis of stems and 
leaf veins, PRXa might function in the stiffening of the cell walls of the 
epidermis and/or sub-epidermal tissues, for instance collenchyma. Collen-
chyma is a thick-walled tissue particularly adapted to mechanically support 
growing stems and leaves, and is usually absent from roots (Esau 1966). In 
fact, in the Solanaceae both stems and leaf veins are characterized by the 
presence of sub-epidermal collenchyma (Von Wettstein 1897, Hayward 1938, 
Goodspeed 1954, Cutter 1978). Collenchyma cell walls are thickened by 
additional pectin, and so are the outer walls of epidermal cells. The 
presence of PRXa activity near the vascular bundles may be likewise related 
to the presence of collenchymatous cells (Fig. 1, cf. Essau 1966). PRXa 
could (also) be involved in the cross-linking of pectins in epidermis and 
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sub-epidermal collenchyma by forming o-diphenyl bridges between esterified 
ferulic or £-coumaric acid residues (Fry 1986). As pointed out previously 
(Chapter 7), the presence of the neutral sugars glucose, arabinose and 
galactose in purified preparations of PRXa may originate from contaminating 
pectin residues. In the epidermis pectins probably also provide the attach-
ment sites for cutin (Kolattukudy et^  al. 1981). In petunia the epidermis of 
old stems stain red with phloroglucinol-HCl (T. Hendriks and E. Rothuis, 
unpublished results), indicating that it contains lignin-like material. 
Thus, lignin formation by PRXa is also possible. 
,ii 
—re -
Fig. 1. Transverse section through a petunia stem, showing thickened walls 
of the epidermis and the collenchymatous cells adjacent to the vascular 
bundle. 
In the Solanaceous species potato and tomato, anionic peroxidases are 
induced upon wounding of the tuber and the fruit, respectively (Roberts et 
al. 1988). Both are considered to be involved in the deposition of suberin 
around the wound site (Espelie and Kolattukudy 1985, Espelie et^  al. 1986). 
Unfortunately, neither of these enzymes has been compared with one of the 
genetically characterized peroxidases in these species (Rick 1983, Oliver 
and Martinez-Zapater 1985, Quiros and McHale 1985). The activity of the 
supposed lignin peroxidase Al in tobacco (Mader et al. 1986) is hardly in-
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creased upon wounding or infection with tobacco mosaic virus (Birecka and 
Miller 1974, Birecka and Catalfamo 1975, Lagrimini and Rothstein 1987, but 
see Van Loon 1986), and neither is the amount of its mRNA (Lagrimini at al. 
1987). This suggests that the wound-induced peroxidases in potato and 
tomato are different from the fast-moving peroxidases in tobacco which are 
antigenically related to petunia PRXa. Alignment of the amino-acid se-
quences of the peroxidases, as deduced from the nucleotide sequences of 
their cDNAs, indicates that the peroxidases in potato and tomato, on the 
one hand, and the peroxidase Al in tobacco, on the other hand, are only 
about 40 % homologous, although all contain the highly (90 %) conserved 
sequences around the two histidine residues involved in the binding of the 
heme group (Welinder 1985). furthermore, both types differ markedly in the 
number of carbohydrate attachment sites, suggesting that they are glycosy-
lated to different extents (Lagrimini et^  al. 1987, Roberts et^  al. 1988, cf. 
Espelie and Kolattukudy 1985). 
The activities of the more slowly-moving anionic (A2) and cationic 
peroxidases (CI and C2) in tobacco (cf. Mäder et_ al. 1986) do increase upon 
wounding or infection (Birecka and Miller 1974, Birecka and Catalfamo 
1975, Van Loon 1986, Lagrimini and Rothstein 1987). In petunia a similar 
increase in peroxidase activity was observed in floating leaf discs (Fig. 
2). Whereas the total peroxidase activity increased four-fold within 48 h 
of incubation, the total activity of PRXa remained constant. Actually, 
during the incubation PRXa was almost completely lost from the leaf discs 
through leakage of the enzyme into the surrounding medium (Fig. 2). The 
increase in total peroxidase activity resulted from a rise in the activity 
of other peroxidase isoenzymes, presumably PRXb and PRXc. As shown in 
Chapter 3, PRXc is localized extracellularly but is probably ionically 
bound to cell walls, whereas PRXb is largely localized intracellularly (see 
also Chapter 6). Preliminary results indicated that PRXc has a molecular 
weight similar to that of PRXa but an isoelectric point of about 10, 
whereas PRXb has a molecular weight of about 43 kD and an isoelectric point 
of about 4.5-5 (T. Hendriks, unpublished results). Given these data, petu-
nia PRXb and the more slowly-moving anionic peroxidase A2 in tobacco may 
correspond to the wound - induced peroxidases in potato and tomato. How-
ever, elucidation of their relationship will require a serological analysis 
similar to that described in Chapter 5, or hybridization studies using 
cloned cDNAs. 
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F i g . 2. Changes i n the peroxidase a c t i v i t y of petunia l ea f d iscs f l o a t i n g 
on water : Peroxidase a c t i v i t y i n (o) l ea f d iscs and (•) the surrounding 
medium, immunoprecipitable PRXa ac t i v i t y in (*) leaf discs and (o) medium, 
and the ca lcu la ted t o t a l ( l ea f d iscs + medium) of (o) t o t a l peroxidase 
ac t i v i t y and (•) PRXa ac t i v i t y . 
In view of the large number of studies on peroxidase isoenzymes in the 
Solanaceae (see e.g. Gaspar et_ ELU 1982, Rick 1983, Sheen 1983, Wijsman 
1983, McLeod et a l . 1983, Hendriks et a l 1985, Quiros and McHale 1985, 
Oliver and Martinez-Zapater, Mäder £t al_. 1986, Van Loon 1986, Lagrimini et_ 
a l . 1987, Roberts at a l . 1988) a wealth of data pertaining to physiological 
aspects i s ava i l ab l e . I d e n t i f i c a t i o n of g e n e t i c a l l y def ined peroxidase 
isoenzymes as being invo lved in spec i f i c physiological processes already 
begins to provide insight in to the regulatory and funct ional aspects of the 
peroxidase system in th i s plant family. Such investigat ions w i l l also form 
a basis fo r the i n t r o d u c t i o n of a common nomenclature fo r the var ious 
isoenzymes (cf. Quiros and McHale 1985). 
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Peroxidases are probably the most extensively studied enzymes in 
higher plants. Various isoenzymes occur as soluble proteins in the apoplast 
and in the vacuole, or are bound to membranes and cell walls. Their occur-
rence is often organ-specific and developmentally controlled, and there is 
circumstantial evidence that they function in growth, differentiation and 
defence. In Chapter 1 biochemical, physiological and genetic aspects of 
higher-plant peroxidases are reviewed, particularly in relation to the 
peroxidase system in petunia (Stimoryne Rafin., formerly Petunia Juss.). It 
is pointed out that only by studying genetically characterized systems a 
full understanding of the biochemical and physiological characteristics of 
the various peroxidase isoenzymes can be obtained. 
In petunia eight different peroxidase isoenzymes have been genetically 
characterized and the occurrence of two more is inferred (Chapters 1 and 
2). Of these , the most prominent one in leaves and stems is peroxidase a 
(PRXa), which migrates upon gel electrophoresis as a fast-moving, anionic 
set of three (sometimes four) molecular forms (mozymes). PRXa also occurs 
in petals, but is absent from roots. Leaves also contain the intermediate-
moving anionic isoenzyme PRXb and the fast-moving cationic peroxidase bands 
of PRXc. PRXa and PRXc were shown to be the major peroxidases present in 
extracellular extracts obtained by the vacuum infiltration method, whereas 
PRXb was the most active peroxidase in isolated mesophyll protoplasts. The 
three isoenzymes differed in their affinity for Concanavalin A (Con A)-
Sepharose; whereas PRXb bound firmly, and was released only in the presence 
of mannose or glucose, PRXa and PRXc were only partly retained. Since all 
peroxidases are glycoproteins, these results suggest that the nature of the 
oligosaccharide chains could be important in determining the cellular 
location of the peroxidases (Chapter 3). 
The localization of PRXa in the apoplast was exploited for its purifi-
cation by preferentially extracting the enzyme from leaves by the vacuum 
infiltration method (Chapter 4). The electrophoretic variant (allozyme) 
PRXal, the product of the allele prxAl, present in the petunia cv. Roter 
Vogel, was purified over 1300-fold by two seguential acetone precipita-
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tions, gel filtration and chromatofocusing. The purified enzyme had a RZ 
(Reinheits Zahl; A^Q^nm/A2ggnm) of 3.6, an apparent molecular weight of 
about 37 kD and an isoelectric point of 3.8. The three molecular forms had 
slightly different molecular weights and were separated by affinity chroma-
tography on a Con A-Sepharose column. The absorption spectrum of PRXa 
showed maxima at 404 (Soret band), 496 and 636 nm. Further spectral analy-
sis revealed that freshly isolated PRXa contains a bound hydrogen donor 
which is lost upon storage. The pH optimum for the reaction with hydrogen 
peroxide and guaiacol was 5.0 and the specific activity of the enzyme 61 
mkat/g protein. The rate constants for its reaction with hydrogen peroxide 
and guaiacol were 2.6 x 10 and 1.9 x 10 M s , respectively. The reac-
tion with guaiacol was inhibited by various aromatic compounds, notably by 
trihydroxylated and ortho- and para-dihydroxylated phenolic derivatives. 
Cinnamic-acid derivatives were more inhibitory than phenol or benzoic-acid 
derivatives. Coniferyl alcohol was completely inhibitory and was polyme-
rized to presumed lignin-like material. Together with its localization in 
the apoplast, this substrate preference suggests that PRXa functions in the 
polymerization of lignin in the cell wall (Chapter 4). 
A specific antiserum raised in a rabbit against the purified PRXa was 
used to investigate as to how far peroxidases in other Solanaceous species 
are antigenically related to the petunia enzyme. Polyacrylamide gel elec-
trophoresis in the presence of SDS (SDS-PAGE) followed by immunoblotting 
revealed the presence of cross-reacting proteins in all species tested. To 
determine whether these proteins represented peroxidases, thorn-apple 
(Datura stramonium L.), tobacco (Nicotiana tabacum L.), sweet pepper (Cap-
sicum annuum L.), potato (Solanum tuberosum L.) and tomato (Lycopersicon 
esculentum Mill.) were selected for further analysis. Immunoblots after 
native PAGE revealed that the antiserum specifically recognized the fast-
moving anionic peroxidases that are localized in the apoplast. Despite 
their antigenic relatedness, these peroxidases differed with respect to 
heat stability and apparent molecular weight, possibly as a result of 
differences in glycosylation. Apparently, the Solanaceae contain ortholo-
gous genes encoding peroxidase isoenzymes homologous to petunia PRXa. The 
antiserum did not react with peroxidases from horseradish, turnip, African 
marigold, maize and oats (Chapter 5). 
Since PRXa is encoded by a single gene, the occurrence of three molecu-
lar forms must result from post-transcriptional or post-translational modi-
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fications. In Chapter 6 the nature of this heterogeneity was further ana-
lysed. Upon incubation with <x-mannosidase the larger PRXal.l and PRXal.2 
were converted into immunoreactive products resembling the smaller PRXal.3, 
suggesting that the three forms of PRXal differ in the number of terminal 
mannose residues. Some <><-mannosidase activity was found to be present in 
the apoplast of leaves and may be responsible for the conversion of PRXal.l 
into PRXal.2 and PRXal.3 during leaf development. Lectin-affinity blotting 
suggested that PRXa contains small, complex-type carbohydrate chains; gas-
-chromatographic analysis indicated the presence of xylose, arabinose, fu-
cose, mannose, glucose and galactose (Chapter 6). 
In Chapter 7 the distribution of the soluble peroxidase activity in 
tissues from petals, leaves and stems was investigated. In petals from 
fully expanded flowers, the upper epidermis contained nearly 20 % of the 
peroxidase activity, but no activity was present in protoplasts isolated 
from this tissue. The peroxidase activity in the upper epidermis was extra-
cellular and consisted of PRXa. In protoplasts from the remaining tissue 
(mesophyll and lower epidermis) PRXb was the only peroxidase present; it 
was responsible for about 45 % of the total activity in petals. In leaves, 
the lower epidermis contained 14 - 40 % of the peroxidase activity, depen-
ding on their stage of development. Up to half of this activity was loca-
lized extracellularly. In stems, the epidermis contained nearly 80 % of the 
peroxidase activity and 30 % of this activity was localized extracellular-
ly. All extracellular extracts contained merely PRXa, suggesting that PRXa 
is localized mainly in the epidermis. By pressing transversely cut leaves 
and stems on membrane filters and using these dip-blots to localize the 
enzyme in situ, it was shown that both total peroxidase activity and im-
munoreactive PRXa are localized mainly in the epidermis, in leaves parti-
cularly at the site of the midrib and veins. The epidermal localization of 
PRXa is suggestive of a role in modulating growth rate or in defence, 
either by the deposition of lignin, suberin or cutin, or by increased 
cross-linking of various cell-wall polymers, or both (Chapter 7). 
In order to analyse the developmentally-controlled regulation of PRXa 
synthesis, it was attempted to obtain a cDNA probe for PRXa mRNA. Using a 
Poly(A)+-RNA fraction isolated from leaves, a possible precursor of PRXa 
was detected upon immunoprecipitation of in vitro translation products, 
and an extended product of about 110 nucleotides was detected after reverse 
transcription primed with a mixed oligonucleotide probe based on a conser-
153 
ved amino-acid sequence in other plant peroxidases. The incorporation of 
3 5 3? 
S-methionine and P-CTP, respectively, was very low, suggesting that 
peroxidase mRNA was present at a low concentration only. A cDNA library in 
the bacteriophage \gtll was constructed and screened with the antiserum or 
the oligonucleotide probe, but no positive clones were detected. Similarly, 
no peroxidase-specific clones were found upon screening a corrola-specific 
cDNA library with the antiserum (Chapter 8). 
In Chapter 9 possible functions of PRXa are discussed. Based on its 
extracellular localization, its organ and tissue specificity, and its cata-
lytic properties, a function in the rigidification of cell walls in respon-
se to internal and external signals seems likely. Petunia PRXa strongly 
resembles a supposedly lignin-forming peroxidase in tobacco, and seems to 
be different from a suberin-forming peroxidase induced in potato tubers and 
tomato fruits upon wounding. Accordingly, in contrast to the total peroxi-
dase activity, PRXa activity does not increase in floating leaf discs, 
indicating that it is not induced upon wounding. The identification of 
genetically defined peroxidase isoenzymes in members of the Solanaceae as 
being involved in specific physiological processes will provide insight 




Peroxydasen zijn waarschijnlijk de meest bestudeerde enzymen in hogere 
planten. Diverse isoënzymen zijn in de plant aanwezig als oplosbare eiwit-
ten in de apoplast of in de vacuole, of gebonden aan membranen en celwan-
den. Sommige isoënzymen komen alleen voor in bepaalde organen en vertonen 
een activiteitsverloop dat afhankelijk is van het ontwikkelingsstadium 
waarin het orgaan of de plant als geheel zich bevinden. Er zijn aanwijzin-
gen dat Peroxydasen een rol spelen bij groei, differentiatie en afweerreac-
ties na verwonding, infecties met pathogenen en andere vormen van stress. 
In Hoofdstuk 1 wordt een overzicht gegeven van de biochemische, fysio-
logische en genetische aspecten van verschillende Peroxydasen uit hogere 
planten, in het bijzonder met betrekking tot de Peroxydasen in petunia 
(Stimoryne Rafin., voorheen Petunia Juss.). Er wordt op gewezen dat alleen 
het bestuderen van genetisch goed gekarakteriseerde systemen kan leiden tot 
een volledig inzicht in de biochemische en fysiologische eigenschappen van 
de verschillende Peroxydase isoënzymen. 
Bij petunia heeft genetisch onderzoek geleid tot de identificatie van 
acht, en mogelijk tien, verschillende peroxydase isoënzymen. De genetica 
van de Peroxydasen in petunia wordt uitvoerig besproken in het laatste deel 
van Hoofdstuk 1 en in Hoofdstuk 2. Van de isoënzymen bij petunia is peroxy-
dase a (PRXa) de belangrijkste in bladeren en stengels. Na gelelektro-
forese, en kleuren op peroxydase-aktiviteit, is PRXa te herkennen als een 
ver lopende groep van drie (soms vier) molekulaire vormen (mozymen) aan de 
anodale kant van de gel. PRXa komt ook voor in de bloembladeren, maar niet 
in wortels. Bladeren bevatten ook het minder ver lopende anodale isoënzym 
PRXb en twee verlopende kathodale banden van PRXc. PRXa en PRXc bleken de 
belangrijkste Peroxydasen in extracellulaire extracten die uit bladeren 
verkregen werden door middel van de vacuum infiltratie methode, terwijl 
PRXb de meest aktieve peroxydase was in protoplasten geisoleerd uit de 
mesofylcellen van het blad. De drie isoënzymen verschilden in de mate van 
binding aan Concanavaline A (Con A)-Sepharose; terwijl PRXb sterk gebonden 
werd, en alleen vrijkwam bij aanwezigheid van glucose of mannose, werden 
PRXa en PRXc slechts ten dele gebonden. Omdat alle Peroxydasen glyco-
proteinen zijn, wijzen deze resultaten er op dat de plaats van de Peroxy-
dasen, binnen of buiten de cel, wellicht bepaald wordt door de aard van de 
suikerketens (Hoofdstuk 3). 
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De aanwezigheid van PRXa buiten de cel werd benut voor het isoleren van 
het enzym uit het blad door middel van het uitspoelen van de apoplast met 
behulp van de vacuum infiltratie methode (Hoofdstuk 4). De elektrofore-
tische variant (allozym) PRXal, het produkt van het allel prxAl van het 
strukturele gen in de petunia cultivar Roter Vogel, werd gezuiverd uit de 
extracellulaire extracten door middel van twee opeenvolgende aceton preci-
pitaties, gelfiltratie en chromatofocusering. Deze zuivering leidde tot een 
meer dan 1300 maal hogere specifieke aktiviteit. Het gezuiverde enzym had 
een RZ (Reinheitszahl; A.n.nm/^280nm^ v a n >^^ > e e n molekuulgewicht van 
ongeveer 37 kD en een isoelektrisch punt van 3,8. De drie molekulaire 
vormen verschilden enigszins in molekuulgewicht en werden van elkaar ge-
scheiden door middel van affiniteltschromatografie op een kolom van Con A-
Sepharose. Het absorptiespectrum van PRXa vertoonde maxima bij 404 (Soret 
band), 496 en 636 nm. Verdere analyse van de verkregen spectra leidde tot 
de vaststelling dat het vers geisoleerde enzym een gebonden waterstofdonor 
bevat, die bij bewaring verdwijnt. Het pH optimum voor de reaktie van PRXa 
met waterstofperoxide en guaiacol was 5,0 en de specifieke aktiviteit 61 
mkat/g eiwit. De reaktiekonstanten voor de reaktie met waterstofperoxide en 
guaiacol waren respektievelijk 2,6 x 10 en 1,9 x 10 M s . De reaktie 
met guaiacol werd geremd door verschillende aromatische verbindingen, voor-
al door fenolen met drie, of twee hydroxyl-groepen in de ortho- en para-
posities. Derivaten van kaneelzuur remden de reaktie sterker dan de verge-
lijkbare verbindingen afgeleid van fenol of benzoezuur. Het lignine-mono-
meer coniferylalcohol remde de omzetting van guaiacol volledig en werd zelf 
gepolymeriseerd tot een lignine-achtig produkt. Zowel de lokalisatie van 
PRXa in de apoplast als de substraatspecificiteit duiden er op dat dit 
enzym aktief is bij de polymerisatie van lignine in de celwand (Hoofdstuk 
4). 
Een specifiek antiserum tegen het gezuiverde PRXa werd opgewekt in 
een konijn en gebruikt om te onderzoeken in hoeverre Peroxydasen in andere 
planten die behoren tot de Solanaceae (Nachtschadefamilie) door dit anti-
serum worden herkend. Na elektroforese van bladextracten in polyacrylamide-
-gels in aanwezigheid van natriumlaurylsulfaat, werden de gescheiden eiwit-
ten overgebracht op nitrocellulosefilters en deze filters geincubeerd met 
het antiserum. Deze "immunoblots" lieten zien dat in alle gebruikte soorten 
eiwitten aanwezig zijn die kruisreageren met het antiserum. Om na te gaan 
deze eiwitten inderdaad Peroxydasen zijn, werden de doornappel (Datura 
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stramonium L.), tabak (Nicotiana tabacum L.), paprika (Capsicum annuum L.), 
aardappel (Solanum tuberosum L.) en tomaat (Lycopersicon esculentum Mill.) 
gekozen voor verder onderzoek. Immunoblots verkregen na elektroforese onder 
niet-denaturerende omstandigheden lieten zien dat het antiserum specifiek 
reageerde met ver lopende anodale Peroxydasen die, evenals PRXa, extracel-
lulair zijn. Ondanks deze antigene verwantschap verschilden deze Peroxyda-
sen in hitte-stabiliteit en molekuulgewicht. Mogelijk worden deze verschil-
len veroorzaakt door verschillen in de aard van de suikerketens. Blijkbaar 
bevatten de soorten in de Nachtschadefamilie genen die köderen voor Peroxy-
dasen die homoloog zijn met petunia PRXa. Het antiserum reageerde niet met 
Peroxydasen van mierikswortel, kool, afrikaantje, mais en haver (Hoofdstuk 
5). 
Omdat PRXa wordt gekodeerd door een enkel gen, moet het voorkomen van 
drie molekulaire vormen het gevolg zijn van het optreden van modifikaties 
na de transcriptie of translatie. In Hoofdstuk 6 werd de aard van deze 
heterogeniteit nader onderzocht. Wanneer PRXal werd behandeld met het enzym 
•K-mannosidase, werden de iets grotere vormen PRXal.1 en PRXal.2 omgezet in 
nog steeds met het antiserum reagerende eiwitten die bij gelelektroforese 
migreerden als het iets kleinere PRXal.3. Dit wijst erop dat de drie vormen 
van PRXa onderling verschillen in het aantal eindstandige mannoseresiduen. 
Omdat in extracellulaire extracten van bladeren van petunia °<-mannosidase-
-aktiviteit voorkomt, zou PRXal.1 kunnen worden omgezet in PRXal.2 en 
PRXal.3 tijdens de bladontwikkeling. Een analyse van de affiniteit van PRXa 
voor suiker-specifieke lectinen duidde erop dat PRXa kleine suikerketens 
bevat van het komplexe type. Gaschromatografisch werd de aanwezigheid 
vastgesteld van xylose, arabinose, fucose, mannose, glucose en galactose 
(Hoofdstuk 6). 
In Hoofdstuk 7 werd onderzoek verricht naar de verdeling van de 
oplosbare peroxydase-aktiviteit over weefsels van bloembladeren, bladeren 
en stengels. In kroonbladeren van volgroeide bloemen bevatte de bovenepi-
dermis bijna 20 % van de peroxydase-aktiviteit, maar was geen aktiviteit 
aanwezig in uit dit weefsel geisoleerde protoplasten. De peroxydase-aktivi-
teit in de epidermis was dus extracellulair en bleek voornamelijk te be-
staan uit PRXa. In protoplasten uit het resterende gedeelte van het kroon-
blad (mesofyl en onderepidermis) was alleen PRXb aanwezig; dit isoenzym was 
verantwoordelijk voor ongeveer 45 % van de totale aktiviteit in kroonblade-
ren. In bladeren bevatte de onderepidermis 14 - 40 % van de totale peroxy-
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dase-aktiviteit, afhankelijk van de leeftijd van het blad. Tot de helft van 
deze aktiviteit was extracellulair gelokaliseerd. In stengels bevatte de 
epidermis bijna 80 % van de peroxidase-aktivitelt en daarvan was ongeveer 
30 % extracellulair. Alle extracellulaire extracten bevatten vrijwel uit-
sluitend PRXa, hetgeen suggereert dat PRXa voornamelijk aanwezig is in de 
epidermis. Om dit te bevestigen werden bladeren en stengels dwars doorge-
sneden en met de snijvlakken kortstondig op membraanfilters gedrukt. Op 
deze "dip-blots" kon de lokalisatie van het enzym in het weefsel worden 
onderzocht door kleuring op eiwit of peroxydase-aktiviteit, of specifiek 
door reaktie met het antiserum tegen PRXa. Zowel de totale Peroxydase 
aktiviteit als PRXa waren hoofdzakelijk aanwezig in de epidermis, in blade-
ren vooral rond de nerven. De lokalisatie van PRXa in de epidermis zou er 
op kunnen wijzen dat het een rol speelt bij de regulatie van groei of bij 
afweerreakties, hetzij door de afzetting van lignine, suberine of cutlne, 
hetzij door een toename van het aantal dwarsverbindingen tussen verschil-
lende celwandpolymeren, dan wel door een combinatie van beide (Hoofdstuk 
7). 
Om de regulatie van de synthese van PRXa tijdens de bladontwikkeling 
te kunnen bestuderen, werd getracht een "probe" te verkrijgen van aan het 
messenger-RNA (mRNA) voor PRXa complementair DNA (cDNA). Uit bladeren werd 
een poly(A)+-RNA-fraktie geisoleerd en na vertaling van eiwitten in_ vitro 
werd een mogelijke precursor van PRXa gevonden door precipitatie met het 
antiserum. Synthese van cDNA complementair aan de poly(A)+-RNA-fraktie met 
behulp van "reverse transcriptase" in aanwezigheid van een aantal synthe-
tische oligonucleotiden waarvan de basenvolgorde overeenstemt met een reeks 
van geconserveerde aminozuren in Peroxydasen uit andere planten, gaf een 
verlenging te zien van deze "primer" tot ongeveer 110 basen. Maar in beide 
gevallen was de inbouw van radioaktieve precursors, respektievelijk S-
32 
methionine en P-CTP, zeer laag, hetgeen er op duidt dat de relatieve 
hoeveelheid PRXa-mRNA in de poly(A)+-RNA-fraktie zeer gering was. Na 
konstruktie van een cDNA-bank in de bakteriofaag X gtll konden geen posi-
tieve cDNA-klonen worden aangetoond, noch met behulp van het antiserum, 
noch met gebruikmaking van het synthetische oligonucleotide. Ook in een 
vergelijkbare cDNA-bank van poly(A)+-RNA uit bloemzomen werden met het 
antiserum geen positieve cDNA-klonen gevonden (Hoofdstuk 8). 
In hoofdstuk 9 worden de mogelijke funkties van PRXa bediscussieerd. 
Op grond van zijn extracellulaire lokalisatie, zijn orgaan- en weefsel-
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specifiek voorkomen, alsmede zijn katalytische eigenschappen lijkt het 
waarschijnlijk dat het een rol speelt bij de versteviging van de celwand 
als reaktie op interne of externe signalen. Petunia PRXa komt in eigen-
schappen overeen met een Peroxydase in tabak die betrokken lijkt te zijn 
bij de ligninesynthese, maar verschilt daarentegen van suberine-vormende 
Peroxydasen in de aardappel en de tomaat die in aktiviteit toenemen na 
verwonding. In overeenstemming hiermee neemt de aktiviteit van PRXa niet 
toe bij drijven van bladponsjes op water, in tegenstelling tot de totale 
peroxydase-aktiviteit, hetgeen er op wijst dat PRXa niet geinduceerd wordt 
door verwonding. 
Tenslotte wordt er op gewezen dat het identificeren van genetisch 
gekarakteriseerde Peroxydase isoënzymen bij soorten binnen de Solanaceae 
als zijnde betrokken bij specifieke fysiologische processen inzicht zal 
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